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1.0  INTRODUCTION 


The  goal  of  this  research  is  to  develop  a  basic  scientific  understanding  of  factors  that  dictate 
the  mechanical  properties  of  transformation  toughened  ceramics  and  to  use  that  understanding  to 
design  and  fabricate  microstructures  with  improved  properties.  Our  approach  is  to  develop  and  use 
new  methods,  such  as  Raman  spectroscopy  and  high  resolution  strain  measurement  techniques,  to 
measure  transformation  characteristics  directly  within  zones  surrounding  crack  tips,  and  hence,  in 
combination  with  mechanics  modeling  to  deduce  the  toughening  mechanisms  and  relationships 
between  microstructural  characteristics  and  macroscopic  properties.  With  the  guidance  and  insight 
gained  from  such  experiments,  new  microstructures  are  being  designed  to  optimize  the  desirable 
properties.  I>etailed  results  of  the  research  are  contained  in  papers  that  are  included  in  Sections  3 
to  6  of  this  report,  and  which  have  been  published  in  or  submitted  to  the  journals  noted  on  the 
cover  pages.  The  results  are  briefly  summarized  below. 


The  fabrication  and  properties  of  new  zirconia  microsiructures  with  greatly  enhanced 
fracture  toughness  are  described  in  Section  3.  These  new  materials  have  dual  scale 
microstructurcs  containing  barriers  to  transformation  with  a  spatial  scale  ~  100  limes  tlie  grain 
size.  Most  work  was  done  with  laminar  microstructures,  although  there  is  evidence  that  fibers  and 
platelets  will  yield  similar  toughening  effects.  The  microstructures  were  designed  on  the  basis  of 
micromechanics  analysis  of  the  cfTccis  of  zone  shape  on  toughening  (Section  4),  as  well  as  direct 
measurenwnts  of  crack  tip  transfomiation  zone  characteristics,  which  provided  critical  testing  of  the 
validity  of  toughening  analyses  (Section  5).  A  new  coiioidalH:cntrifugal  consolidation  method 
was  developed  in  collaboration  with  Prof.  F.F.  Lange  (U.C.  Santa  Barbara)  to  fabricate 
multilayered  microstructurcs  with  layers  as  small  as  10  jim.  The  layered  composites  exhibited 
toughening  effects  tlrat  were  much  larger  than  expected;  in  addition  to  modifying  the  zone  shape  by 
preventing  a  detrimental  autocatalyiic  transfomiation  ahead  of  the  crack  as  anticipated,  there  was  a 
strong  interaction  of  the  transformation  zone  with  the  layers  which  caused  the  zone  to  spread 
normal  to  the  crack  plane  (which  is  beneficial  to  toughening).  Fracture  toughnesses  as  high  as 
18  MPa*m^  were  measured  from  direct  in  situ  crack  growth  experiments  in  these  laminar 
materials. 


Analyses  of  the  effects  of  the  shape  of  crack  tip  transformation  zones  cm  the  degree  of 
toughening  and  comparisons  of  the  analysis  with  measured  R-curves  in  CC-Z1O2  materials  arc 
given  in  Scci’ons  4.1  and  4.2.  High  fracture  toughnesses  (in  Uic  range  of  12-14  MPa»m*/2)  have 
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been  observed  in  Ce-Zi02  materials,  in  which  the  transformation  zone  extends  ahead  of  the  crack  a 
distance  ~  10  to  20  times  the  zone  width  (this  shape  contrasts  with  that  of  other  Z1O2  ceramics 
where  the  zone  extends  approximately  equal  distances  ahead  and  to  the  side  of  the  crack).  Two 
important  conclusions  were  drawn  from  the  results:  (1)  the  calculated  stress  intensity  factors 
confirmed  that  the  measured  fracture  toughness  in  Ce-TZP  is  consistent  with  the  toughening  being 
due  to  crack  shielding  from  the  observed  transformation  zones  -  this  contrasts  with  speculation  in 
the  literature  that  crack  tip  shielding  is  not  responsible  for  the  toughening,  but  instead,  a  Dugdale 
zone  mechanism  operates;  (2)  given  that  transformation  shielding  is  responsible  for  the  observed 
toughening,  the  calculations  show  that  if  the  microstructure  could  be  modified  to  eliminate  the 
elongation  of  the  zone  ahead  of  the  crack,  the  toughness  could  be  increased  by  a  factor  of 
approximately  2.  These  results  provided  the  motivation  to  develop  the  layered  microstructures  to 
eliminate  the  elongated  frontal  zone. 


More  direct  measurements  of  crack  tip  transformation  zone  characteristics  and 
transformation  thermodynamics  are  described  in  Sections  5  and  6.  Detailed  measurements  have 
been  made  of  the  distributions  of  monoclinic  phase  within  transformation  zones  in  several  Mg-PSZ 
materials  of  various  peak  toughnesses  using  Raman  spectroscopy  (Section  5.2).  The  results 
allowed  direct  calculation  of  the  crack  tip  shielding  stress  intensity  factor,  and  thus  comparison  of 
transformation  toughening  theory  with  experimentally  measured  toughness  (for  steady  state  crack 
growth).  The  following  zone  characteristics  were  observed:  (1)  the  volume  fraction  of  stress- 
induced  transfonnation  was  not  uniform  within  the  zone,  (2)  the  transformation  zone  contours 
ahead  of  the  crack  were  closer  to  semicircular  in  shape  than  they  were  to  the  contours  of  constant 
hydrostatic  stress  in  the  elastic  crack  tip  field,  (3)  transfomiation  of  all  the  tetragonal  phase  was 
never  observed  adjacent  to  cracks  (contrary  to  TEM  observations  of  thin  foils),  and  (4)  the  zone 
size  increased  during  initial  crack  growth,  correlating  with  the  measured  crack  resistance  curve. 
The  calculated  reductions  in  crack  tip  stress  intensity  factor  due  to  transfomiation  zone  shielding, 
assuming  that  only  the  dilational  component  of  tire  transformation  strains  remained  (i.e.,  that  the 
long  range  shear  component  was  relieved  by  twinning),  accounted  for  a  large  fraction  of  the 
measured  toughness  increases,  although  there  was  a  significant  component  (-  4  MPa»ml/2)  which 
was  not  accounted  for.  This  implies  that  either  there  is  a  significant  component  of  transfmmation 
shear  strain  that  is  not  relieved  by  twinning,  or  other  toughening  mechanisms  tolerate. 


lire  residual  su  ains  responsible  for  crack  tip  shielding  have  been  measured  directly  within 
the  transformation  zones  surrounding  cracks  in  Mg-PSZ  using  two  techniques  (Section  5.1): 
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Moir^  interferometry  and  high  resolution  strain  mapping  by  digital  image  correlation.  Both 
methods  provide  maps  of  differential  in-plane  displacements  within  the  specimen  surface  that  is 
intersected  by  the  crack,  the  latter  method  with  the  higher  resolution  (by  about  an  order  of 
magnitude).  The  results  were  compared  with  finite  element  analysis  to  assess  surface  relaxation 
effects,  and  the  measured  strains  were  used  to  evaluate  the  crack  tip  stress  intensity  factor.  The 
calculated  shielding,  assuming  that  the  net  transformation  strain  was  only  the  hydrostatic 
component,  was  consistent  with  the  equivalent  calculation  using  Raman  measurements.  However, 
both  were  smaller  than  the  observed  toughening.  An  approach  for  determining  the  shielding 
contribution  due  to  nonhydrostatic  strain  components,  using  in-plane  and  out-of-plane  residual 
strain  measurements  with  finite  element  modeling,  was  outlined. 


Crack  growth  induced  by  cyclic  tensile  loading  in  a  series  of  Mg-PSZ  materials  with 
systematically  varied  microstructures  was  demonstrated  in  a  collaborative  study  with  U.C. 
Berkeley  (Section  5.3).  Several  crack  growth  effects  were  shown  to  result  directly  from  the 
existence  of  a  transformation  zone  that  shields  the  crack  tip  from  the  applied  loading;  crack  closure 
effects,  which  reduce  the  effective  tip  stress  intensity  range,  transient  acceleration  or  retardation 
following  sudden  changes  in  cyclic  load  amplitude,  and  retardation  following  single  tensile 
overloads.  However,  the  fatigue  mechanism  was  shown  im  to  involve  degradation  of  the 
transformation  toughening:  Raman  microprobc  measurements  of  the  transformation  zones 
developed  during  crack  growdi  under  constant  cyclic  load  were  used  to  show  that  the  shielding  of 
the  crack  tips  was  not  reduced  by  the  cyclic  nature  of  the  load.  This  implies  that  an  intrinsic 
mechanism  is  responsible  for  the  observed  fatigue  crack  growth.  This  result  is  important  because 
it  means  that  the  beneficial  effect  of  transformation  toughening  is  not  lost  in  fatigue  loading.  The 
resistance  to  cyclic  fatigue  (including  the  tlueshold  for  fatigue  crock  growth)  was  found  to  inctease 
in  proportion  to  the  monotonic  fracture  toughness. 
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2.0  PUBLICATIONS,  PERSONNEL  AND  TECHNICAL  PRESENTATIONS 


2.1  Publications 


(a)  Publications  in  press  or  in  preparation  from  work  done  in  1 989- 1 99 1 : 

1 .  "Enhanced  Fracture  Toughness  in  Layered  Microcomposites  of  Ce-Zr02  and 
AI2O3,"  by  D.B.  Marshall,  J.R.  Ratto  and  F.F.  Lange,  J.  Am.  Ceram.  Soc. 
H[121.  2974-87  (1991). 

2.  "The  Design  of  High  Toughness  Laminar  Zirconia  Composites,”  by 
D.B.  Marshall,  Bull.  Am.  Ceram.  Soc.,  in  press. 

3.  "Crack  Resistance  Curves  in  Layered  Zirconia  Ceramics,"  by  D.B.  Marshall  and 
J.R.  Ratto,  to  be  submitted  to  J.  Am.  Cleram.  Soc. 

4.  Transformation  Zone  Shape  Effects  on  Crack  Shielding  in  Ceria-Partially- 
Stabilizcd  Zirconia  (Cc-TZP)-Alumina  Composites,"  by  C-S.  Yu,  D.K.  Sbetty, 
M.C.  Shaw  and  D.B.  Marshall,  submitted  to  J.  Amer.  Ceram.  Soc. 

5 .  "Recovery  of  Crack-tip  Transfonnation  Zones  in  Zirconia  after  High  Temperature 
Annealing,"  by  M.C.  Shaw,  D.B.  Marshall,  A.H.  Heucr  and  E.  Inghels,  L  Am. 
Ceram.  Soc.  25121, 474-76  (1992). 

6.  "Direct  Measurement  of  Transfonnation  Zone  Strains  in  Toughened  Zirconia,"  by 
M.S.  Dadkhah,  D.B.  Marshall,  W.L.  Morris  and  B.N.  Cbx,  J.  Am.  Ceram.  Soc. 
2413],  584-92  (1991). 

7.  "Resistance  Curve  Simulations  in  Transformation  Toughened  Materials,"  by 
C.L.  Horn,  R.M.  McMeeking,  A.G.  Evans  and  D.B.  Marshall,  in  preparation  for 
J.  Am.  Ceram.  Soc. 

8.  "Oack  Shielding  in  (jeria-Partially  Stabilized  Zirconia,"  by  D.B.  Marshall,  J.  Am. 
aram.  Soc.  22(10),  3119-21  (1990). 
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9.  "Crack  Tip  Transformation  Zones  in  Toughened  Zirconia,"  by  D.B.  Marshall, 
M.C.  Shaw,  R.H.  Dauskardt,  R.O.  Ritchie,  M.  Readey  and  A.H.  Heuer,  J.  Am. 
Ceram.  Soc.  21(9),  2659-66  (1990). 

10.  "Cyclic  Fatigue  Crack  Propagation  in  Mg-PSZ  Ceramics,"  by  R.H.  Dauskardt, 
D.B.  Marshall  and  R.O.  Ritchie,  J.  Am.  Oram.  Soc.  21(4),  893-903  (1990). 

11.  "On  the  Thermoelastic  Martensitic  Transformation  in  Tetragonal  Zr02"  by 
A.H.  Heuer,  M.  Ruble  and  D.B.  Marshall,  J.  Am.  Ceram.  Soc.  21[4]  1084-93 
(1990). 

(b)  Published  in  1989  from  previous  year’s  work  on  AFOSR  contract: 

12.  "Reversible  Transformation  and  Elastic  Anisotropy  in  Mg-PSZ,"  by  D.B.  Marshall 
and  M.V.  Swain,  J.  Am.  Ceram.  Soc.  2218],  1530-32  (1989). 

13.  "Cyclic  Fatigue-Crack  Propagation  in  Ceramics:  Behaviour  in  Ovcragcd  and 
Partialiy  Stabilized  MgO-ZrOa,'*  by  R.H.  Dauskardt,  D.B.  Marshall  and 
R.O.  Ritchie,  Mat.  Res.  Soc.  Proc.  on  Fracture  Mechanics  of  Structural  Ceramics, 
1989. 

14.  "Structural  and  Mechanical  Ih-operty  Changes  in  Toughened  Mg-PSZ  at  Low 
Temperatures,"  by  D.B.  Marshall,  M.R.  James  and  J.R.  Porter,  J.  Am.  Ceram. 
Soc.  22(21.218-27  (1989). 

2.2  Patent  Aoplications 

"Laminar  Ceramic  Composites"  by  D.B.  Marshall,  F.F.  Lange  and  J.J.  Ratto,  submitted  to 

U.S.  Patent  Office  September  1991. 
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2.3  Personnel 

The  principal  investigator  is  Dr.  D.B.  Marshall.  Other  contributors  from  the  Rockwell 
Science  Center  were  Dr.  M.  Dadkhah,  Dr.  W.L.  Morris,  Dr.  B.N.  Cox,  Mr.  M.  Shaw  (also  a  part 
time  graduate  student  at  U.C.  Santa  Barbara),  Mr.  E.  Wright  and  Mr.  J.  Ratto.  The  program  has 
also  benefitted  from  several  informal  collaborations  with  universities:  Prof.  F.F.  Lange  from  U.C. 
Santa  Barbara  on  colloidal  processing  of  laminar  composites.  Profs.  R.  McMeeking  and  A.G. 
Evans  and  graduate  student  C.L.  Horn,  from  U.C.  Santa  Barbara  on  modeling  R-curvc  behavior. 
Dr.  R.H.  Dauskardt  and  Prof.  R.O.  Ritchie  from  U.C.  Berkeley  on  fatigue  crack  growth;  Prof. 
A.H.  Heuer  and  Dr.  M.  Readey  from  Case  Western  Reserve  University  on  thermodynamics  and 
reversibility  of  transformations:  and  C-S.  Yu  and  Prof.  D.K.  Shetty  of  University  of  Utah  on 
analysis  of  zone  shape  effects  on  toughening. 

2.4  Technical  Presentations 

Fulraih  Award  Symposium,  “Design  of  New  High  Toughness  Laminar  Zirconia 
C^positcs,"  at  Am.  Ceram.  Soc.  Pacific  Coast  Meeting,  San  Diego,  Oct.  1991. 

AcroMat  ‘91.  Invited  Lecture  "Laminar  Composites,"  Long  Beach,  May  1991. 

Albrccht-Rabcnau  Symposium  on  Ccratnic  Science,  Max-Plank-Insiitute  (1  cgcmscc),  June 
1990  invited  Icctme,  "Modeling  of  Mccltanical  Properties." 

American  Ceramic  Society  Annual  Meeting,  Dallas,  April  1990,  invited  lecture, 
Transfomiation  Zones  in  Zi02‘'' 

4th  International  Conference  on  Science  and  Technology  of  Zirconia,  Anaheim.  Nov. 
1989,  Invited  keynote  speaker:  "Crack  Tip  Zones  in  Transformation  Toughened 
Ceramics." 

3rd  Int.  Conf.  on  Fundamentals  of  Fracture,  Irscc,  Germany,  June  1989,  Invited  speaker: 
"Oack  Tip  Zones  in  Transfomtation  Toughened  Ceramics." 
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"Cyclic  Fatigue  Crack  Propagation  in  Advanced  Ceramics." 
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Laminar  composites,  containing  layers  of  Ce-Zr02  and  ei¬ 
ther  AI2O3  or  a  mixture  of  AI2O3  and  Ce-Zr02,  have  been 
fabricated  using  a  colloidal  method  that  allowed  formation 
of  layers  with  thicknesses  as  small  as  10  /am.  Strong  interac¬ 
tions  between  these  layers  and  the  martensitic  transforma¬ 
tion  zones  surrounding  cracks  and  indentations  have  been 
observed.  In  both  cases,  the  transformation  zones  spread 
along  the  region  aryacent  to  the  layer,  resulting  in  an  in¬ 
creased  fracture  toughness.  The  enhanced  fracture  tough¬ 
ness  was  observed  for  cracks  growing  parallel  to  the  layers 
as  well  as  tor  those  that  were  oriented  normal  to  the  layers, 
[Key  words:  laminates,  fracture  toughness,  cerium,  zirco- 
nia,  alumina.] 

I.  Introduction 

High  fracture  toughnesses,  in  the  range  10  to  14  MPa  • 
have  been  achieved  recently  in  ceria-partially-stabilized 
zirconia  (Ce-TZP)  that  undergoes  martensitic  transformation 
from  tetragonal  to  monoclinic  phase. However,  the  shapes 
of  the  transformation  zones  surrounding  cracks  in  these  ma¬ 
terials  are  not  optimal  for  producing  large  transformation 
toughening.’  Whereas  in  other  zirconia  ceramics  of  compara¬ 
ble  toughness  (magnesia-partially-stabilized  zirconia,  Mg- 
PSZ)  the  transformation  zone  extends  approximately  equal 
distances  ahead  and  to  the  side  of  a  crack,'"  the  zone  in 
Ce-TZP  is  very  elongated,  extending  ahead  of  the  crack  a  dis¬ 
tance  of  10  to  20  times  the  zone  width.'"*  The  extra  trans¬ 
formed  material  ahead  of  the  crack  degrades  the  toughness; 
calculation  of  the  crack  tip  shielding  from  zones  with  such 
shapes  indicates  that  the  increase  in  fracture  toughness  due 
to  transformation  shielding  is  about  a  factor  of  2  smaller  for 
an  elongated  frontal  zone  typical  of  Ce-TZP  than  for  a  semi¬ 
circular  frontal  zone  shape  characteristic  of  Mg-PSZ.’  There¬ 
fore,  substantial  benefit  should  result  if  the  microstructure  of 
Ce-TZP  could  be  modified  to  change  the  shape  of  the  trans¬ 
formation  zone. 

The  elongated  frontal  zone  in  Ce-TZP  is  thought  to  result 
from  autocatalytic  transformation,  i.e.,  the  sequential  trigger¬ 
ing  of,  transformation  in  a  grain  by  transformation  strains  in 
.  adjacent  grains.^  Autocatalytic  transformation  also  occurs  In 
Mg-PSZ,  as  evidenced  by  the  formation  of  well-defined  shear 
bands  within  grains."  The  microstructure  of  Mg-PSZ  may  be 
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thought  of  as  dual  scale;  the  individual  precipitates  that 
transform  from  tetragonal  to  monoclinic  phase  are  lenticular 
in  shape  (~300  nm  in  diameter)  and  are  contained  within 
grains  that  are  larger  by  about  2  orders  of  magnitude  (~50  ^m 
in  diameter).'^  Although  each  transformation  band  contains 
many  autocatalytically  transformed  precipitates,  the  grain 
boundaries  are  effective  as  barriers,  which  arrest  the  propa¬ 
gating  band.  In  Ce-TZP,  there  is  no  such  large-scale  barrier  to 
arrest  a  developing  transformation  band;  in  this  case,  the 
transforming  units  are  the  individual  grains  and  there  is  no 
larger-scale  microstructural  unit. 

In  this  paper,  we  describe  an  approach  for  introducing  a 
large-scale  microstructural  unit  into  Ce-TZP,  in  the  form  of 
layers  of  either  AI2O3  or  a  mixture  of  AI2O3  and  Ce-TZP. 
Based  on  the  above  discussion,  the  optimum  separation  of  the 
layers  would  be  expected  to  be  a  factor  of  -lO  to  100  times 
the  grain  size  (which  is  ~2  /am),  with  individual  layer  thick¬ 
nesses  being  at  the  lower  end  of  the  range.  Layered  structures 
satisfying  this  requirement  have  been  fabricated  using  a  col¬ 
loidal  method  to  consolidate  powders.  This  approach  has  al¬ 
lowed  formation  of  layers  as  thin  as  ~10  /xm.  Controlled 
crack  growth  experiments  and  indentation  experiments  arc 
used  to  investigate  the  influence  of  these  barrier  layers  on 
crack  tip  transformation  zones  and  fracture  toughness.  The 
presence  of  the  barrier  layers  leads  to  large  increases  in 
toughness  and  extensive  /{-curve  behavior. 

II.  Composite  Fabrication 

Composites  of  Ce-TZP  with  layers  of  either  AI2O3  or  a 
mixture  of  50%  by  volume  of  AI2O3  and  Ce-Zr02  were  fabri¬ 
cated  using  a  colloidal  technique.  The  technique  involved  se¬ 
quential  centrifuging  of  solutions  containing  suspended 
particles  to  form  the  layered  green  body,  followed  by  drying 
and  sintering  at  1600°C  for  3  h.  Use  was  made  of  a  technique 
described  recently  by  Vclamakanni  et  ai, and  Chang  et  at.,  '* 
in  which  an  aqueous  electrolyte  (NH4NO1)  was  used  to  pro¬ 
duce  short-range  repulsive  hydration  forces  and  to  reduce  the 
magnitudes  of  the  longer-rangc  electrostatic  forces  between 
the  suspended  particles.  Such  conditions  produce  a  weakly 
attractive  network  of  particles  which  prevents  mass  segrega¬ 
tion  during  centrifugation,  but,  because  of  the  lubricating  ac¬ 
tion  of  the  short-range  repulsive  forces,  allows  the  particles 
to  pack  to  high  green  density. 

The  relative  green  densities  of  the  AI2O3  and  Cc-ZrO: 
powders  (AI2O3  powder  from  Sumitomo,  Type  AKP-30:  Cc- 
ZrO:  powder  from  Tosoh,  Tokyo,  grade  TZ-12Ce)  consoli 
dated  separately  in  this  manner  were  approximately  60  and 
50  vol%,  respectively.  The  larger  shrinkage  of  the  Ce-ZrO: 
during  subsequent  sintering  caused  cracking  in  some  layered 
composites  that  contained  pure  AI2O3  layers  (the  exceptions 
being  some  thin  layers,  <i0  /xm  thick).  This  mismatch  was 
minimized  by  using  the  mixed  composition  of  50  vol%  AI2O5 
and  Ce-ZrOi  instead  of  pure  AI3O3  for  most  specimens. 
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Fig.  I.  Optical  micrographs  showing  isolated  layers  of  AljO.i/Ce- 
ZrO:  (darker  regions)  with  thicknesses  of  approximately  10,  35, 
and  70  fj-vn  in  a  matrix  of  Ce  TZP. 


Optical  micrographs  of  typical  layers  of  Al20.i/Cc-Zr02 
within  a  matrix  ot  Cc-TZP  arc  shown  in  Fig.  1.  Reasonably 
uniform  layers  with  thicknesses  in  the  range  10  to  100 
were  readily  formed.  A  multilayered  structure  of  alternating 
Cc-TZP  and  Al20i/Ce-Zr02  layers  of  thickness  35 is 
shown  in  Fig.  7. 


III.  Mechanical  Properties 
(1)  The  Role  of  Isolated  Layers 
The  influence  of  individual  layers  of  Al20,i  or  50% 
AhOt/Ce-ZrOi  on  crack  growth  and  transformation  zones  in 


Cc-TZP  was  investigated  by  fabricating  composites  contain¬ 
ing  widely  spaced  layers.  Measurements  were  obtained  from 
controlled  crack  growth  in  notched  beams,  fracture  of  smooth 
bars,  and  indentation  experiments  using  a  Vickers  indenter. 

Crack  growth  experiments  with  notched  beams  were  done 
in  two  steps,  using  two  different  loading  fixtures,  which  oper¬ 
ated  on  the  stage  of  an  optical  microscope  and  allowed  high- 
magnification  observation  of  the  side  of  the  beam  during 
loading.  All  experiments  were  done  in  a  dry  nitrogen  atmos¬ 
phere.  The  dimensions  of  the  beams  were  approximately 
28  mm  x  6  mm  x  1  mm,  with  the  initial  notch  of  I70-/im 
width  and  approximately  2-mm  depth.  First,  a  stable  crack 
was  initiated  from  the  root  of  the  notch  under  monotonic 
loading,  using  the  fixture  illustrated  in  Fig.  2(a).  The  VVC/Co 
flexure  beams  in  series  with  the  test  specimen  make  the  load¬ 
ing  system  extremely  stiff  and  thereby  allow  stable  crack 
growth.  The  beams  are  equivalent  to  very  stiff  springs  in  par¬ 
allel  with  the  specimen  and  thus  act  as  a  crack  arrester,  as 
described  for  different  geometrical  arrangements  by  Mai  and 
Atkins'*  and  Sakai  and  Inagaki.'*  This  initial  crack  growth 
was  induced  without  use  of  a  load  cell,  in  order  to  stiffen  the 
loading  system  further.  After  thus  growing  the  crack  for 
—500  /urn,  the  loading  system  was  changed  to  include  a  load 
cell  with  conventional  four-point  loading  through  rollers 
(Fig.  2(b))  in  order  to  allow  measurement  of  the  fracture 
toughness  (or  crack  growth  resistance).  The  stress  intensity 
factor  was  evaluated  from  the  measured  loads  and  crack 
lengths  (obtained  from  optical  micrographs)  using  the  expres¬ 
sion  from  Ref.  17. 

Results  that  were  obtained  from  a  specimen  containing 
three  layers  of  Al20.\-Ce-Zr02  widely  spaced  ahead  of  the 
notch  are  shown  in  Fig.  3.  After  initiating  stably  in  the  im¬ 
mediate  vicinity  of  the  notch,  the  crack  grew  unstably  when 
.the  loading  system  was  changed  to  include  the  load  cell,  and 
arrested  approximately  20  /cm  before  the  first  layer  of 
Al20.</Zr02  (which  had  a  thickness  of  -35  /nm)-  The  width 
of  the  transformation  zone  over  the  wake  of  the  crack,  as 
determined  by  Nomarski  interference,  was  approximately 
15  pm.  However,  near  the  tip  of  the  arrested  crack,  the  trans¬ 
formation  zone  extended  adjacent  to  the  Al;0.i/ZrO(  layer 
for  distances  of  more  than  150  /xm  each  side  of  the  crack,  as 
shown  schematically  in  Fig.  3(b).  Some  transformation  also 
occurred  on  the  opposite  side  of  the  Al.Os/ZrO:  layer,  also 
for  a  distance  of  150  /xm  both  sides  of  the  crack  plane. 

After  further  loading,  the  crack  grew  unstably  through  the 
AhOj/ZrO-  layer,  into  the  Cc-TZP  on  the  opposite  side,  and 
arrested  again  —40  ;xm  before  the  second  layer  (which  had  a 
thickness  of  70  /xm).  The  shape  of  the  transformation  zone 
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3.  Schematic  of  notched  beam  of  CcTZP  containing  three  laycn  of  AljOj/Cc-ZiOj.  (b)  Schcmstli  dtotam  of  arrested  crack  near 
AljOi/Ce-ZrOi  layer,  showing  shepe  of  enlarged  transformation  a ji>e  adisceni  to  the  layer  ic>  Nomarski  inlcrfcrence 
micrograph  showing  arrested  crack  tip  near  AUOj/ZiO)  layer  (area  indicatca  in  (a))  with  widened  iransformaiioo  rone  adjacent  to  layer,  (d) 
TV'o-beara  interference  micrograph  of  area  in  (b).  Reference  mi.ror  is  parallel  to  surface  remote  (tom  crack,  so  that  (ringei  represent 
contour*  of  consian:  surface  u^ift  (due  to  transformation  ttraitti).  (e,  f)  Mtciugraph*  taken  t:  in  (c)  »r  d  (d/  f.om  il»c  regiuti  in  the  crack  wake 
near  the  first  AliOi/ZrOt  layer,  as  indicated  in  (a). 
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aloi.g  the  layer  near  the  crack  tip  was  similar  to  that  at  the  Al.Oj/ZrO:  layers  as  in  Figs.  3(b)  to  (f).  Therefore,  this  ben- 

lirsl  aiiest  position.  Nomarski  interference  and  two-beam  eficial  interaction  occurs  for  fasi-moving  as  well  as  .stable 

interference  micrographs  of  regions  around  the  first  aitd  see-  cracks.  In  the  orientation  of. Fig.  4(b).  Traciurc  also  initiated 

oik!  l.iyers,  with  the  crack  tip  at  this  position,  arc  shown  in  unstably  from  the  tensile  surface  at  a  critical  load.  However. 

Hgs.  .i(c)  to  (0.  Thc.se  results  indicate  that  the  ANO.i/ZrOi  the  crack  arrested  before  it  reached  the  opposite  side,  leaving 

barrier  layers  have  a  much  larger  effect  than  simply  arresting  the  beam  intact  (Fig.  4(c)).  The  effectiveness  of  the  A[:0^/ 

t.iC  growth  o(  a  transformation  zone  ahead  of  a  crack;  they  'Z.tOj  layers  in  arresting  this  crack  is  especially  noteworthy 

also  promote  expansion  of  the  zone  to  the  side  of  the  crack,  since  there  were  only  two  layers  in  the  beam,  accounting  for 

which  is  the  location  that  gives  rise  to  crack  tip  shielding  and  2%  of  its  volume.  On  the  surface  that  had  been  loaded  in 

hence  toughening,'"  tension,  there  were  several  narrow  bands  of  transformed  ma- 

The  applied  stress  intensity  factors  were  calculated  at  vari-  terial  in  addition  to  the  crack  that  caused  the  sudden  load 

ous  stages  of  crack  growth,  using  the  measured  loads  and  drop, 'similar  to  observations  in  the  literature.*'''  However, 

crac.<  lengths.  The  fracture  toughness  of  the  Cc-ZrO:  matrix  some  of  the  transformation  bands  were  arrested  at  the 

was  =5  MPa  m''*,  whereas  the  stress  intensity  factor  had  to  be  ANOj/ZrO;  layers.  There  is  also  evidence  that  the  crack  it- 

raised  to  =10  MPa-m''*  to  drive  the  crack  across  each  layer.  self  arrested  at  the  Al:0.i/Zr0i  layer  before  joining  with  a 

After  the  crack  tip  passed  each  layer,  the  unstable  crack  second  crack  to  cause  failure. 

growth  prevented  continued  measurement  of  the  stress  inten-  Vickers  indentations  in  the  Ce-TZP  were  surrounded  by 

sity  factor  until  the  crack  arrested  again.  However,  when  the  large  zones  of  transformed  material,  which  caused  uplift  of 

crack  had  arrested  the  applied  stress  intensity  factor  had  de-  the  surface  adjacent  to  the  indentations.  Micrographs,  ob- 

creased  to  —5  MPa  •rri''^  indicating  that  the  toughening  cf-  tained  using  both  Nomarski  interference  and  two-beam  intcr- 

fect  of  each  layer  decreased  as  it  moved  further  into  the  wake  fercncc,  of  several  such  zones  in  the  vicinities  of  ANO^/ZrO; 

of  the  crack.  Similar  results  were  obtained  from  spiccimens  layers  arc  shown  in  Fig.  5.  At  indentation  loads  up  to  300  N, 

containing  layers  of  100%  Al.-O.i  in  the  same  Ce-TZP  matrix.  there  was  no  cracking  caused  by  the  indentations.  The  pres- 

Smooth  beams  of  the  same  composite  as  in  Fig.  3  were  bro-  ence  of  a  nearby  ANOj/ZrO:  layer  within  the  transformation 

ken  in  bending  in  the  two  orientations  shown  in  Figs.  4(a)  and  zone  caused  spreading  of  the  zone  in  the  region  adjacent  to  the 

(b;.  In  the  orientation  of  Fig.  4(a),  which  is  the  same  as  that  of  layer,  in  a  pattern  that  is  similar  to  the  crack  tip  zone  spread- 

the  notched  beam,  failure  occurred  unstably  at  a  critical  load.  ing  of  Fig.  3.  There  was  also  transformed  material  on  the  side 

The  polished  side  surfaces  of  the  beams  exhibited  similar  evi-  opposite  the  indentation.  The  surface  uplift,  measured  from 

dence  for  widening  of  the  transformation  zone  near  the  the  optical  interference  micrograph  of  Fig.  5(b),  is  plotted  in 


(a)  (b) 


(c)  (d) 
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spovinK’n  ofimlcd  .o  m  (b),  showiiij!  track  arrest  before  coniplelc  laihirr  (<I1  fcrrsile  sniface  of  specimen  from  (c)  showing  ci.ick  arrest  at 
Al  ()i  //.rO  .  lavcr  ,iiul  arresi  of  iraiisfoinialion  liamis  al  the  Al  (t  /'/id-  l.iver  (note  Ihc  transfoim.ll ion  band  c  tn  .also  be  'Crn  on  the  side 
surface  in  fell 
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Klg.  S.  Vickers  indeiiiaiitiii  (2()0-N  lead)  near  layers  of  AI;Oi  ami  AI;Oi/ZrO;  showing  inieraclion  of  layers  with  iransformaiion  zone,  (a) 
Nomarski  inlcrferente.  AI;Oi/ZrO;  layer  ,1(1  ;iin  thick,  (b-il)  Optical  interference  micrographs  with  reference  mirror  parallel  to  specimen 
surface  remote  from  indentations  (fringes  represent  contours  of  surface  uplift):  (b)  AI;Oi/iCrOr  layer  .tO  nm  thick,  (cj  AljOi  layer  .10  /on 
thick,  and  (d)  AljOi  layer  10  /im  thick 


rig.  6  iilong  scvcritl  lines  near  the  imicniation.  as  depicted  in 
the  inset  of  Fig.  6.  The  prc,scncc  of  the  Al;Oi/ZrO;  layer 
caused  substantially  larger  uplift  everywhere  on  the  side  of 
the  indentation  that  is  closer  to  the  layer.  The  surface  of  the 
AljO\/ZrO,'  layer  is  depressed  relative  to  the  adjacent  trails- 
formed  Ce-TZI’  material.  However,  this  AljOi/ZrO-  layer  is 
uplifted  more  than  the  Cc-TZP  surface  at  corresponding  posi¬ 
tions  on  the  oppo,site  side  of  the  indentation.  This  observa¬ 
tion  provides  evidence  that  the  AI:Oi/ZrOj  layer  caused 
spreading  of  the  transformation  zone  adjacent  to  the  layer  in 
the  subsurface  regions  as  well  as  along  the  surface,  and/or  a 
larger  concentration  of  transformed  material  in  the  region  ad¬ 
jacent  to  the  layer. 

(2)  Response  of  Multilayered  Structures 

The  influence  of  multilayered  microst  met  tires  on  transfor¬ 
mation  zone  shapes  and  toughening  was  investigated  using  a 
.specimen  containing  19  layers  of  alternating  Cc-TZP  and 
AljOi/ZrOj,  each  of  .35-pm  thickness,  in  the  center  of  a 
lieam  of  Cc-TZP.  An  additional  isolated  3.‘'-/tm  layer  of  Al.-Oi 
was  ItKaied  -1  mm  from  the  multilayered  region  (Fig.  7(a)). 

The  toughening  experienced  by  cracks  oriented  normal  to 
the  layers  was  evaluated  by  growing  a  crack  in  a  notched 
iKam  using  the  loading  procedure  descrilied  in  the  previous 
saiction.  The  tip  of  the  initial  crack  that  was  iniroduced  with 
the  stiff  loading  system  was  about  halfway  between  the  end  of 


the  notch  and  the  first  of  the  multiple  layers  (550  /zni  from 
the  notch  and  440  /am  from  the  first  layer).  Further  loading 
with  the  more  compliant  loading  system,  which  allowed  con¬ 
tinuous  load  measurement,  caused  stable  growth  up  to  and 


Kig.  6.  Surface  uplill  mcacurcO  from  pig  S(b)  along  four  paihs  as 
imitc.iicil 
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Surface  distortions  due  to  the  volume  strain  associated  with 
the  transformation  can  he  detected  as  far  as  300  yxm  from  the 
crack  plane,  whereas  the  zone  width  in  the  single  phase 
Ce-TZP  is  only  ~15  pm. 

The  increased  width  of  the  transformation  zone  within  the 
layered  region  is  more  clearly  evident  in  the  optical  interfer¬ 
ence  micrograph  of  Fig.  7(f),  in  which  the  fringes  represent 
contours  of  surface  uplift  adjacent  to  the  crack.  This  micro¬ 
graph  was  obtained  after  the  load  was  removed  at  the  conclu¬ 
sion  of  the  experiment.  The  surface  uplift  adjacent  to  the 
crack  is  also  larger  (by  a  factor  of  about  2)  within  the  layered 
region  than  in  the  single-phase  Ce-TZP,  even  though  the  up¬ 
lift  is  constrained  by  the  higher-stiffness  Al203/Zr02  layers, 
and  the  average  volume  fraction  of  the  Ce-ZrOj  is  lower  in 
the  layered  region.  Both  the  zone  width  and  the  magnitude  of 
the  surface  uplift  adjacent  lo  the  crack  decreased  where  the 
crack  grew  unstably  out  of  the  multilayered  region  into  the 
single-phase  Ce-ZrOj,  and  increased  again  as  the  crack 
passed  through  the  isolated  AljOj/ZrOj  layer. 

The  response  of  cracks  oriented  parallel  to  the  layers  was 
assessed  by  loading  a  double  cantilever  beam  using  another 
fixture  on  the  stage  of  the  optical  microscope.  The  cantilever 
beam  was  cut,  as  shown  in  Fig.  8(a),  from  a  region  of  the 
specimen  that  contained  a  conveniently  located  large  process¬ 
ing  flaw,  which  served  as  an  initial  sharp  crack  (a  flat  nonsin- 
tered  region  ~1  mm  in  diameter  at  the  edge  of  the  multilayered 
area).  Micrographs  obtained  at  two  stages  during  loading  are 
shown  in  Figs.  8(b)  and  (c).  As  the  load  was  increased  ini¬ 
tially,  a  zone  of  material  within  the  single-phase  Ce-TZP 
ahead  and  to  one  side  of  the  crack  tip  transformed  before  the 
crack  began  to  grow.  With  further  load  increase,  the  crack 
grew  but  was  forced  to  cross  the  first  layer  of  AliOj/ZrOj, 
presumably  because  of  the  compressive  stresses  due  to  the 
transformation  zone  on  one  side  of  the  crack.  The  crack  then 
grew  along  the  first  layer  of  Ce-ZrOj  within  the  multilayered 
region,  causing  transformation  in  an  increasingly  wide  zone 
of  adjacent  layers.  The  stress  intensity  factor  was  not  evalu¬ 
ated  during  this  test  because  the  ends  of  the  beam  were  glued 
into  the  loading  fixture  rather  than  being  loaded  through 


pins.  Nevertheless,  it  is  clear  that  the  layers  caused  an  en¬ 
hancement  of  the  width  of  the  transformation  zone,  and 
hence  the  toughness,  in  this  orientation  as  well  as  in  the  nor¬ 
mal  orientation. 

IV.  Discussion 

The  results  in  the  previous  section  show  that  the  presence 
of  layers  of  AI2O3  or  Al203/ZrO2  in  Ce-TZP  can  dramati¬ 
cally  modify  the  sizes  and  shapes  of  the  transformation  zones 
around  cracks.  Two  effects  have  been  identified.  One  is  the 
anticipated  truncation  of  the  elongated  frontal  zone,  as  dis¬ 
cussed  in  the  Introduction,  which  can  increase  the  toughen¬ 
ing  due  to  crack  shielding  by  a  factor  of  approximately  2.  The 
other,  unexpected  effect  is  the  spreading  of  the  transforma¬ 
tion  zones  along  the  regions  adjacent  to  the  layers. 

The  zone  spreading  must  be  driven  by  the  modification  of 
the  stress  field  outside  the  transformation  zone  resulting  from 
the  nontransformable  nature  of  the  layers  and/or  their  higher 
elastic  stiffness.  Residual  stress  due  to  the  difference  in  ther¬ 
mal  expansion  coefficients  of  the  Ce-TZP  and  the  AI2O3- 
containing  layers  could  potentially  influence  zone  spreading 
in  multilayered  composites,  where,  for  example,  the  magni¬ 
tude  of  the  stress  would  be  as  high  as  -100  MPa  if  the  layer 
thicknesses  were  equal.  However,  in  the  present  experiments, 
the  zone  spreading  was  observed  around  cracks  and  indenta¬ 
tions  near  isolated  layers,  which  represented  less  than  1%  of 
the  total  specimen  volume.  In  this  case  the  residual  stress  in 
the  Ce-TZP  was  negligibly  small  and  therefore  was  not  a  sig¬ 
nificant  influence  on  the  spreading  of  the  transformation 
zones.  This  conclusion  is  further  supported  by  observations 
that  layers  containing  50%  AI2O,,  or  100%  AI2O3  (for  which 
the  thermal  expansion  mismatches  with  the  Ce-TZP  differ) 
caused  the  same  degree  of  zone  spreading  (e.g.,  Figs.  5(b) 
and  (c)). 

The  combined  effects  of  the  zone  spreading  and  truncation 
caused  an  increase  in  the  fracture  toughness  of  the  layered 
material  by  a  factor  of  3.5  (from  5  to  17.5  MPa  -  m''^).  Noting 
that  the  measured  toughnesses  arc  given  by  tlte  sum  of  the 


Fig.  8.  (a)  Schematic  diagram  o(  double  cantilever  beam  cut  from  same  composite  as  in  Fig.  7.  (b.c)  In  situ  optical  microgra()hs  (Nooutski 
interference)  showing  crock  and  surrounding  trantformaiion  zone  at  several  stages  of  growth  along  the  layers. 
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Fig.  9.  Vickers  indentation  (200-N  load)  near  .sapphire  fiber  in  Ce-TZP  matrix,  showing  interaction  of  fiber  with  transformation  zone:  (a) 
Nomarski  interference,  (b)  two-beam  interference  with  reference  mirror  parallel  to  specimen  surface  remote  from  indentation. 


intrinsic  toughness  of  the  Ce-TZP  without  any  transformation 
zone  and  the  crack  tip  shielding  component,  due  to  the 
transformation  zone,  the  observed  toughness  increase  corre¬ 
sponds  to  an  increase  in  by  a  factor  of  5. 

The  Ce-ZrOj  material  used  in  this  preliminary  study  c.x- 
hibited  a  fracture  toughness  of  ~5  MPa  -  m''*  and  a  transfor¬ 
mation  zone  size  of  ~15  /urn  (Figs.  7(b)  and  (c)).  These  values 
arc  substantially  smaller  than  the  toughnesses  and  zone  sizes 
reported  in  more  transformable  Ce-ZrOj  materials'"*  (/Cr  » 
14  MPa '  m*'’  and  zone  sizes  of  several  hundred  micrometers). 
However,  despite  this  relatively  low  starting  toughne,ss,  the 
multilayered  microstructurc  was  characterized  by  a  crack  re¬ 
sistance  curve  that  went  as  higli  as  17.5  MPa  •  ni'^.  and  which 
had  not  begun  to  saturate  to  a  steady-state  value  when  the 
crack  encountered  the  end  of  the  layered  microstructurc.  This 
peak  value  of  Kr  is  one  of  the  highest  toughnesses  recorded 
in  a  ceramic  material,  being  surpa,sscd  only  by  weakly  bonded 
fil>er-reinforced  composites,*'  weakly  bonded  laminar  com¬ 
posites,”  and  by  some  Mg-PSZ  materials  immediately  after 
heat  treatment*’-**  (the  high-toughness  Mg-PSZ  materials  age 
and  lose  some  of  their  toughening  at  room  temperature). 
There  is  clearly  a  potential  for  substantially  higher  fracture 
toughnesses  in  layered  microstructures  fabricated  with  the 
higher-toughness  Ce-TZP  starting  materials.  Fabrication  of 
such  materials  is  under  way. 

The  mechanisms  of  toughening  enhancement  observed 
here  should  not  lie  restricted  to  the  laminar  geometry  u.scd 
in  this  study.  Similar  effects  may  be  expected  for  any  high- 
modulus,  nontransforming  micro.structural  unit,  such  .as  con¬ 
tinuous  or  chopped  fibers  or  platelets,  distributed  over  a 
similar  spatial  scale  as  the  layers.  An  c.xampic  of  the  inter¬ 
action  of  a  transformation  zone  around  an  indentation  with 
an  iiiolatcd  sapphire  fiber  in  the  Cc-TZP  matrix  is  shown  in 
Fig.  9.  By  direct  analogy  with  the  effect  of  the  AljO>  layers, 
the  sapphire  fiber  caused  spreading  of  the  transformation  zone 
and  a  larger  overall  surface  uplift  in  the  vicinity  of  the  fiber. 

V.  Conclusions 

Laminar  composites  containing  alternating  layers  of  Cc- 
TZP  and  a  mixture  of  AljOj  and  Cc-ZrO-  have  been  fabri¬ 
cated  using  a  colloidal  technique.  In  situ  observations  during 
controlled  crack  growth  experiments  in  these  miervKom- 
posites  have  yielded  the  following  results: 

(1)  The  luycrt  interacted  strongly  with  the  transformation 
zones  surrounding  cracks  and  indentations,  causing  the  zones 


to  spread  along  the  regions  adjacent  to  the  layers  and  leading 
to  enhanced  fracture  toughness. 

(2)  Multilayered  microstructurcs  exhibited  /?-curve  be¬ 
havior  for  cracks  oriented  normal  to  the  layers,  with  the  criti¬ 
cal  stress  intensity  factor  increasing  by  a  factor  of  3.5  from 
the  starting  toughness  of  the  Ce-TZP  (~5  MPa-m‘'*)  to  a 
value  of  at  least  17.5  MPa  -  m''*.  (This  peak  value  had  not  satu¬ 
rated  to  a  steady  state,  but  instead  was  limited  by  the  crack 
having  reached  the  end  of  the  multilayered  region.) 

(3)  Zone  spreading  and  toughening  effects  were  observed 
for  cracks  growing  parallel  to  the  layers  as  well  as  for  those 
oriented  normal  to  the  layers. 
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ABSTRACT 

The  development  of  new  layered  microcomposites  of  Ce-Zr02  and  AI2O3 
which  exhibit  enhanced  transformation  toughening  is  described.  The  layered  mlcrostruc- 
tures  were  designed  on  the  basis  of  transformation  zone  measurements  and  calculations 
of  the  influence  of  zone  shape  on  toughening  in  Ce-Zr02  and  Mg-Zr02. 

1.  INTRODUCTION 

Since  the  discovery  of  transformation  toughening  in  Zr02  in  1973,^  a  variety 
of  toughened  Zr02'4}ased  materials  have  been  developed.  Magnesia-partially-stabilized 
zirconia  (Mg-PSZ)  and  ceria>zirconia  tetragonal  polycrystalline  materials  (Ce-TZP)  can 
now  be  fabricated  with  toughnesses  in  the  range  10-20  MPa*m^^^.^"^ 

The  optimization  of  the  microstructures  of  these  materials  has  occurred 
together  witii  advances  in  our  understanding  of  the  micromechanics  of  toughening  and 
with  development  of  techniques  that  allow  direct  measurement  of  transformation  zone 
characteristics.  In  this  paper,  some  recent  direct  measurements  of  transformation  zones 
in  Ce-TZP  and  Mg-PSZ  will  be  described,  along  with  calculations  of  the  effect  of  zone 
shape  on  toughening,  which  have  led  to  the  development  of  new  layered  composites  with 
dramatically  increased  toughness.  These  materials  may  herald  a  new  class  of  dual  scale 
microstructures  in  S^i^-toughened  ceramics. 
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2. 


TRANSFORMATION  ZONES  IN  Ce-TZP  AND  Mg-PSZ 
Transformation  Zones  and  Toughening 


2.1 

Toughening  of  Zr02  ceramics  is  caused  by  a  martensitic  tetragonal-to- 
monociinic  transformation,  which  is  induced  by  crack  tip  stresses  within  a  limited  zone 
surrounding  the  crack.  The  transforming  particles  (usually  grains  or  precipitates) 
undergo  a  shape  change  which  comprises  dilatation  of  •  4%  and  shear  strain  of  ~  7%  at 
the  unit  cell  level,  although  the  shear  component  of  the  overall  particle  shape  change  can 
be  partly  or  fully  eliminated  by  twinning  or  variant  formation.  The  toughening  can  be 
understood  either  in  terms  of  the  direct  reduction  of  crack  tip  stresses  caused  by  the 
shape  change,  or  from  an  energy  balance  analysis  of  crack  growth,  in  which  the 

0^1  I 

toughening  is  associated  with  the  energy  required  to  cause  the  transformation. 

The  degree  of  toughening  is  dependent  upon  the  distribution  of  transformation 
strains  around  the  crack.  Although  the  influences  of  microstructural  paramteters,  such  as 
particle  size  and  stabilizer  content,  on  increasing  or  decreasing  zone  size  are  known 
qualitatively,  quantitative  predictions  of  the  strain  distributi^'n  are  not  presently  possible 
because  neither  the  critical  stress/strain  condition  for  transformation  nor  the  degree  of 
shear  strain  accommodation  is  known.  However,  if  the  distribution  is  specified,  the 
toughening  can  be  evaluated  using  either  the  stress  intensity  or  the  energy  balance 
approaches  (which  are  rigcK'ously  equivalent  Thus,  if  a  uniform  volume  fraction,  f,  of 
particles  transform  with  net  dilatation,  e  ,  within  a  zone  of  arbitrary  shape,  the 
toughness  increase  (shielding  stress  intensity  factor)  is 

Kg  a  A  E  e^  f  /W  (1) 

where  E  is  the  Youngs  modulus,  A  is  a  dimensionless  constant  dependent  on  the  zone 
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shape,  and  w  is  a  characteristic  zone  width.  The  shape  parameter,  A,  can  be  readily 

evaluated  for  any  specified  zone  shape  using  the  weight  function  method  of  McMeeking 

and  Evans.  If  the  volume  fraction,  f,  is  not  uniform  within  the  zone,  the  result  is  more 

complicated,  although  for  the  case  where  e  is  dilatation  and  contours  of  constant  f  are 

geometrically  similar,  Eq.  (1)  holds  with  the  product  f/w  simply  replaced  by  an 
12 

integral. 

2.2  Direct  Zone  Measurements 

Several  techniques  have  been  used  to  characterize  transformation  zones  in 
Zr02  materials,  and  thus  provide  critical  testing  of  the  transformation  toughening 
theory.  Initially,  x-ray  «ricasurements  confirmed  the  presence  of  monoclinic  phase  on 
fracture  surfaces,  although  the  spatial  resolution  is  not  sufficient  to  measure  zone  shapes 
near  crack  tips.  Such  crack-tip  zone  measurements  have  been  obtained  using  several 
methods  that  examine  a  specimen  surface  normal  to  the  crack  planet  optical  interference 
microscopy  (Nomarski  or  Tolanski),  which  detects  out-of-plane  distortions  caused  by 
transformation  strains  near  the  crack  (Fig.  l(a))^^{  ntoir4  interferometry  and  high 
resolution  differential  strain  mapping,  which  detect  in-ptane  transformation  strains 
(Fig.  l(b))^^}  and  Raman  microprobe  spectroscopy,*^**^  which  provides  measurements  of 
the  relative  volume  fractions  of  monoclinic  and  tetragonal  phases  with  spatial  resolution 
of  several  microns  (Fig.  1(c)). 

Examples  of  such  measiirements  in  Mg-PSZ  are  shown  in  Fig.  1.  Raman 
measurements  (Fig.  1(c)),  obtained  by  scanning  along  lines  around  the  crack,  indicate  that 
the  volume  fraction  of  transformed  monociinic  phase  decreases  continuously  with 
distance  from  the  crack  and  that  the  zone  shape  near  the  crack  tip  is  approximately 
semicircular.  Optical  interference  micrograplts  (Pig.  l(a})  provide  a  convenient 


3 

3ll<»55HD/ejw 


indication  of  the  approximate  zone  size  and  shape,  although  direct  quantitative  deduction 
of  zone  characteristics  is  not  simple  because  the  out-of-plane  surface  distortions  extend 
beyond  the  transformation  zone.  Nevertheless,  the  results  suggest  an  almost 
semicircular  zone  ahead  of  the  crack  tip,  consistent  with  the  Raman  measurements. 
Moire  interferometry  (Fig.  1(b))  and  high  resolution  differential  strain  mapping  provide 
direct  measurements  of  the  strains  normal  to  the  crack  plane,  which  are  directly 
responsible  for  shielding  the  crack  tip,  although  even  in  this  case  account  must  be  taken 
of  the  distortion  of  the  free  surface.  Calculation  of  these  surface  strains  from  the 
Raman  measurements  of  the  distribution  of  transformed  material  (using  PEM  to  account 
for  surface  relaxation  effects)  yielded  results  that  were  consistent  with  the  direct  strain 
measurements  (Fig.  1(b)). 

Both  the  Raman  results  and  the  in-plane  strain  measurements  can  be  used  to 
calculate  the  shielding  stre^  intensity  factor.  Such  measurements  in  Mg»PSZ  materials 
that  had  been  heat  treated  to  yield  different  steady  state  fracture  toughnesses 
(16  MPa*m^^^  and  12  MPa^m^^^)  indicated  that  large  fractions  of  the  measured  tough¬ 
nesses  (8  MPa*ra^^^  and  6  MPa*m^^^)  were  due  directly  to  the  dilatation  associated  with 
the  tetragonal  to  monoclinic  transformation.^^ 

The  shapes  of  transformation  zones  observed  in  high-toughness  0-2(02 
ceramics  differ  substantially  from  those  in  Mg-Zr02  (Pig.  2).  The  zones  in  0-Zr02  are 
very  elongated,  extending  ahead  of  the  crack  a  distance  of  -  10  to  20  times  the  zone 
width.^*^  Calculations  of  the  shielding  stress  intensity  factors  using  £q.  (1)  witii 
measured  zone  shapes  and  distributions  of  transformed  material  have  indicated  that,  as 
in  Mg'PSZ,  most  of  the  toughening  may  be  accounted  for  by  shielding  due  to  the 
dilatational  transformation  strain. 
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2.3  Relations  Between  Zone  Stiapfc  »»nd  Toughening 

Calculations  of  the  influence  of  zone  shape  on  toughening  have  shown  that 
dilatational  transformation  of  particles  located  within  an  angular  range  of  ±  60®  ahead  of 
the  crack  tip  causes  an  increase  in  the  crack  tip  stresses,  and  thus  detracts  from 
toughening.  (The  net  toughening  arises  from  the  dominant  effect  of  particles 

outside  this  range.)  Therefore,  the  elongated  frontal  zone  in  Ce-TZP  (Fig.  2)  is 
detrimental  to  toughening  by  crack  tip  shielding.  Calculations  of  the  shielding  stress 
intensity  factors  for  zones  with  various  ratios  of  frontal  length  to  width  (Fig.  3)  indicate 
that  the  net  toughening  due  tc  the  zone  in  Fig,  2  is  more  than  a  factor  of  2  smaller  than 
it  would  be  if  the  frontal  zone  was  semicircular.^^  Therefore  there  would  be  substantial 
benefit  if  the  elongated  frontal  zone  in  Ce-TZP  could  be  eliminated. 

2.4  Modiiication  of  Zone  Shape 

The  elongated  frontal  zone  in  Ce-TZP  is  thought  to  result  from  autocataly tic 
transformation,  i.e.,  sequential  triggering  of  transformation  in  a  grain  by  transformation 
strains  in  an  adjacent  grain.  Autocatalytic  effects  have  also  been  observed  in  other 
experiments;  sudden  bursts  of  transformation  tisut  occur  upon  cooling  through  the  Mj 
temperature  (the  temperature  at  which  spontaneous  transformation  occurs),  and  load 
drops  during  tensile  loading,  which  coincide  with  the  formation  of  narrow,  well-defined 
bands  of  transformed  material  which  extend  completely  through  the  specimen  in  an 
orientation  normal  to  the  applied  tension 

An  approach  for  modifying  the  :rack  tip  zone  shape  is  suggested  by  comparing 
the  transformation  responses  and  microstructures  of  Ce-TZP  and  Mg-PSZ.  The  micro¬ 
structure  of  Mg-PSZ  may  be  thought  of  as  dual  scale;  the  individual  precipitates  that 
transform  from  tetragonal  to  monoclinic  phase  are  lenticular  in  shape  (-  300  nm 
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diameter)  and  are  contained  within  grains  that  are  larger  by  about  2  orders  of  magni- 
''  tude.  Autocatalytic  transformation  also  occurs  in  Mg-PSZ,  as  evidenced  by  the 
formation  of  well-defined  shear  bands  on  the  surfaces  of  specimens  loaded  in  tension  or 
compression  (Fig.  4).^^  However,  the  transformation  bands  are  arrested  at  the  grain 
boundaries  rather  than  extending  completely  through  the  specimen.  Separate  initiation 
of  transformation  is  thus  necessary  in  each  grain,  resulting  in  a  smoothly  increasing 
stress  strain  curve,  progressive  transformation  when  cooling  through  the  Mg  temperature, 
and,  presumably,  a  modified  shape  of  the  transformation  zone  ahead  of  a  crack  tip.  In 
Ce-TZP,  which  comprises  a  polycrystalline  array  of  uniform  tetragonal  grains,  each  of 
several  micronf  diameter,  there  is  no  such  large  scale  barrier  to  arrest  a  developing 
transformation  bandi  in  this  case  the  transforming  particles  are  the  individual  grains  and 

¥ 

there  is  no  larger  microstructural  unit.  The  presence  of  second  phase  grains  in  AI2O3/ 

Ce-ZrOo  particulate  composites  has  been  shown  to  prevent  autocatalytic 
«  ^ 

transformation,*^  but  it  also  leads  to  reduced  zone  width  and  thus  reduced  toughness. 
The  analogy  with  Mjr-PSZ  suggests  that  the  frontal  zone  may  be  eliminated  while 
maintaining  the  large  zone  width  over  the  crack  wake,  if  a  dual  scale  microstructure 
could  be  created  in  Ce-Zr02,  with  barriers  distributed  on  a  scale  substantially  larger 
than  the  grain  size,  but  smaller  than  the  transformation  zo<re  width. 

In  the  following  section  an  approach  for  introducing  such  large-scale  micro- 
structural  units  into  Ce-Zr02  in  the  form  of  iayers  of  cither  AI2O3  or  a  mixture  of 
AI2O3  and  Ce-Zr02  described.  Based  on  the  preceding  discussion,  the  optimum 
spacing  of  the  layers  would  be  -  20  to  100  um. 

« 

3.  LAYERED  MICROCOMPOSITES 

*  Multilayered  composites  with  alternating  layers  of  Ce-TZP  and  Al203/Ce- 
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Zr02  have  been  fabricated  using  a  colloidal  technique  for  consolidation.  The  technique 
involved  sequential  centifuging  of  solutions  containing  suspended  particles  to  form  the 
green  body,  followed  by  drying  and  sintering.  The  barrier  layers  were  composed  of  50% 
by  volume  of  AI2O3  and  Ce-Zr02  rather  than  pure  AI2O3,  in  order  to  minimize  differen¬ 
tial  shrinkage  during  sintering.  Reasonably  uniform  layers  with  thicknesses  in  the  range 
10  to  100  ym  were  readily  formed  using  this  technique. 

Controlled  crack  growth  experiments  using  notched  beams  with  regions  of 
multilayered  material  (or  isolated  layers)  embedded  in  a  matrix  of  Ce-Zr02  allowed  the 
influence  of  the  layers  to  be  identified.  In  addition  to  tl'ie  anticipated  truncation  of  the 
elongated  frontal  zone,  an  unforeseen  spreading  of  the  transformation  zone  along  the 
Al203/Zr02  layers  normal  to  the  crack  plane  was  observed  (Fig.  5).  The  extra 
transformation  In  this  location  causes  additional  shielding  of  the  crack  and  hence 
toughening. 

The  applied  stress  intensity  factor,  Kp^,  needed  to  extend  a  crack  stably  up  to 
and  tlwough  a  multilayered  region,  comprising  layers  of  35  ym  thickness,  is  shown  in 
Fig.  6(a).  In  this  test,  the  crack  grew  under  steady  state  conditions,  at  Kp  =  5  MPa,  in 
the  Ce-TZP  before  reaching  the  multilayered  regim>  The  value  of  Kp  then  increased 
almost  linearly  with  crack  extension  as  the  crack  grew  through  the  layers,  reaching  a 
value  of  17.5MPa*m^^^  as  the  crack  i^jproached  the  end  of  the  layered  region, 
whereupon  the  crack  extended  unstably  into  the  Ce-TZP  the  other  side.  A 
corresponding  increase  in  the  size  of  the  transformation  zone  surrounding  the  crack  tip 
was  observed  (Fig.  6(b)). 

Similar  results  have  been  obtained  using  specimens  with  layers  of  different 
thickness  and  with  Ce-TZP  materials  of  different  starting  toughness  (the  toughness  of 
the  Ce-Zr02  used  for  the  data  of  Fig.  6,  Kp  s  5  MPa*m^^^,  was  relatively  low).  In  all 
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cases  the  R-curves  increased  as  the  cracks  grew  through  the  layered  regions  (all  of  width 
£  1  mm)  without  any  sign  of  saturation,  and  with  maximum  measured  values  of  being 
limited  by  unstable  growth  when  the  crack  encountered  the  end  of  the  layered  region. 
The  transformation  zone  in  one  of  these  specimens  containing  Ce-Zr02  of  high  initial 
toughness  (Kj^  =  10  MPa^m^^^)  is  shown  in  Fig.  7:  the  zone  spreading  was  much  more 
extensive.  The  frontal  zone  penetrated  past  the  end  of  the  layered  region,  with 
subsequent  unstable  crack  growth,  after  the  crack  had  penetrated  only  half  of  the  layers 
(at  Kj^  =  15MPa.m^/V° 

CONCLUSIONS 

Microlaminates  of  Ce-Zr02  with  h\20-^lZr02  layers  exhibit  dramatically 
increased  fracture  resistance.  Development  of  these  composites  was  motivated  by 
results  of  micromechanics  analysis  combined  with  direct  observations  of  zone 
characteristics  in  Mg-PSZ  and  Ce-TZP,  which  indicated  that  substantial  toughening 
would  result  from  modifying  shape  of  the  transformation  zone  in  Ce-TZP.  Two  effects 
that  enhance  the  transformation  toughening  in  the  layered  structures  have  been 
identified.  One  is  the  truncation  of  the  elongated  frontal  zone  that  forms  in  single  phase 
Ce-Zr02  and  the  other  is  the  spreading  of  the  transformation  zone  along  the  layers. 

The  toughening  enhancement  should  not  be  limited  to  planar  layered  micro¬ 
structures  with  cracks  normal  to  the  layers.  Evidence  has  been  presented  elsewhere^® 
for  enhanced  toughening  for  cracks  growing  parallel  to  the  layers  and  for  spreading  of 
the  transformation  zone  near  AI2O3  fibers  embedded  in  a  Ce-TZP  matrix.  Thus,  many 
other  three-dimensional  dual  scale  microstructures  that  enhance  toughening  may  be 
envisioned  using  fibers,  platelets  or  nonplanar  Al203/Zr02  layers  as  barriers  to 
autocatalytic  transformation. 
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Figure  Captions 


1.  (a)  Optical  interference  micrograph  showing  out-of-plane  surface  distortion 
due  to  transformation  zone  surrounding  crack  in  Mg-PSZ.  Fringes  represent 
contours  of  constant  displacement. 

(b)  Residual  transformation  strains  in  wake  of  crack  in  Mg-PSZ  in  the  direction 
normal  to  the  crack  plane.  Data  from  moire  interference.  Finite  element 
calculations  using  Raman  measurements  of  volume  fraction  of  transformed 
phase,  assuming  dilatational  transformation. 

(c)  Fraction  monoclinic  phase  in  wake  of  crack  in  Mg-PSZ,  measured  by  Raman 
spectroscopy. 

2.  Nomarski  interference  micrograph  showing  crack  in  Ce-TZP  (specimen 
supplied  by  Dr.  D.  Shetty). 

3.  Crack  tip  shielding  stress  intensity  factor  for  steady-state  cracks  with  various 
frontal  zone  shapes. 

4.  Nomarski  interference  micrograph  of  surface  of  Mg-PSZ  loaded  in 
compression,  showing  transformation  bands. 

3.  Arrested  crack  near  layer  (darker  region)  in  Ce-TZP  showing 

i 

spreading  of  the  transformation  zone  adjacent  to  the  layer. 
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(a)  Critical  stress  intensity  factor  for  crack  growth  through  multilayered 
region  of  Ce-TZP/(Al203-ZrO2)  composite. 

(b)  Nomarski  interference  micrograph  showing  enlargement  of  transformation 
zone  (outlined  by  broken  line)  during  crack  growth  through  multilayered  region 
of  (a). 

Nomarski  interference  micrograph  showing  enlargement  of  transformation 
zone  caused  by  multilayered  region  of  composite  with  high  toughness  Ce-TZP 
matrix. 
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CRACK  RESISTANCE  CURVES  IN  LAYERED  Ce-ZrOVAhOa  CERAMICS 
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1049  Camino  Dos  Rios 
Thousand  Oaks,  CA  91360 

ABSTRACT 

Crack  resistance  curves  have  been  measured  in  layered  Ce-Zr02/Al203  composites  with 
various  layer  thicknesses  and  with  CerZi02  materials  of  two  different  initial  fracture  toughnesses. 
Increasing  the  transformability  of  the  Ce-ZrC^  phase  shifts  the  R-curves  to  higher  values  of  stress 
intensity  factor.  However,  the  slopes  of  the  R-curves  were  relatively  insensitive  to  layer  thickness 
ova*  the  range  examined. 

1.  IntcQductiQn 

A  recent  study  has  shown  a  strong  enhancement  of  transformation  toughening  in  Ce-Zr02 
materials  containing  layers  of  either  AI2O3  or  a  mixture  of  AI2O3  and  Zr02.^  The  presence  of  these 
layers  modifred  the  shape  and  size  of  the  crack  tip  transformation  zone  in  two  ways,  both  of  which 
increased  the  degree  of  crtudr  shielding:  the  tiansfoimation  zone  spread  along  the  region  adjacent  to 
the  layers,  thus  increasing  die  zone  width  of  a  nomally  incident  crack  by  up  to  a  factor  of  10,  and 
the  elongated  portion  of  the  transformation  zone  that  forms  ahead  of  a  crack  in  unifrm  Ce-Zi02 
was  truncated  by  the  layers.  The  toughening  was  evaluated  using  controlled  crack  growth 
experiments  in  composites  ccmtaUiing  multilayered  regions  embedded  within  uniform  Ge-ZrOa. 
The  critical  stress  intensity  factor  needed  to  grow  a  crack  was  found  to  increase  from 
S  MPa*m^^  within  the  Ce-Ze02,  to  more  than  18  MPa*ml/2  after  growing  througli » 18  layers 
of  30  pm  thickness. 
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In  this  paper,  we  investigate  the  effects  of  varying  the  dimensions  of  the  layered  regions, 
increasing  the  number  of  layers,  and  increasing  the  starting  fracture  toughness  of  the  Ce-Zr02 
material. 

2.  Experiments 

Composites  of  Ce-Zr02,  with  layers  containing  a  mixture  of  50%  by  volume  of  AI2O3  and 
Ce-Zr02,  were  fabricated  using  a  colloidal  technique  as  described  previously.  ^  The  technique 
involved  sequential  centrifuging  of  solutions  containing  suspended  particles  to  form  the  layered 
green  body,  followed  by  drying  and  sintering  at  1600®C  for  3  h.  Use  was  made  of  a  technique 
desciibed  recently  by  Velamakanni  et  al.,3  and  Chang  et  al.,^  in  which  an  aqueous  electrolyte 
(NH4NO3)  was  used  to  produce  short  range  repulsive  hydration  forces  and  to  reduce  the 
magnitudes  of  the  longer  range  electrostatic  forces  between  the  suspended  panicles.  Such 
conditions  produce  a  weakly  attractive  network  of  particles  which  prevents  mass  segregation 
during  centrifugation,  but,  because  of  the  lubricating  action  of  the  short  range  repulsive  forces, 
allows  the  particles  to  pack  to  high  green  density.  Two  Z1O2  powders  containing  12  mole%  Ce02 
were  used,  one  from  Tosoh  (TZ12Ce)  and  the  other  an  experimental  powder  from  Ceramatcc.  The 
Ceramatec  powder  v/as  chosen  because  other  studies  have  shown  that  high  toughness 
(~  14  MPa*^^)  can  be  achieved.  In  our  previous  work  with  the  Tosoh  powder,  the  fracture 
toughness  of  the  Ce-Zi02  was  5  MPa*ml^.  The  alumina  powder  was  from  Sumitomo 
(AKP30).  The  c(mq)osites  contained  muldlayeitd  regions  sandwiched  between  regions  of  uniform 
Ce*Zi02  as  illustrated  in  Fig.  1,  in  order  to  allow  continuous  measurement  of  crack  growth,  first 
through  the  Ge-Zi02  then  through  the  layered  region. 

Crack  growth  experiments  with  notched  beams  were  done  in  two  stops,  using  two  different 
loading  fixtures,  which  operated  on  the  stage  of  an  optical  microscope  and  allowed  high 
magnificatitMi  observation  of  the  side  of  the  beam  during  loading.^  All  experiments  were  done  in  a 
dry  nitrogen  atmosphere.  The  dimensions  of  the  beams  were  approximately  28  x  6  x  1  mm,  with 
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the  initial  notch  of  170  gm  width  and  approximately  2  mm  depth.  First,  a  stable  crack  was  initiated 
from  the  root  of  the  notch  under  monotonic  loading,  using  a  very  stiff  fixture  that  made  use  of 
WC/Co  flexure  beams  in  series  with  the  test  specimen.!  The  beams  were  equivalent  to  very  stiff 
springs  in  parallel  with  the  specimen  and  thus  acted  as  a  crack  arrester.  The  initial  crack  growth 
was  induced  without  use  of  a  load  cell,  in  order  to  stiffen  the  loading  system  further.  After  thus 
growing  the  crack  for  ~  SOO  )xm,  the  loading  system  was  changed  to  include  a  load  cell  with 
conventional  four-point  loading  through  rollers  in  order  to  allow  measurement  of  the  fracture 
toughness  (or  crack  growth  resistance).  As  the  cracks  grew  stably  through  the  layered  composites, 
the  stress  intensity  factors  were  evaluated  from  the  measured  loads  and  crack  lengths  (obtained 
from  optical  micrographs)  using  the  expression  from  Ref.  5. 

3.  Results 

Composites  were  fabricated  using  the  Tosoh  powder  with  the  layer  arrangement  of  Fig.  1 
with  four  different  layer  thicknesses,  as  shown  in  Fig.  2,  The  critical  stress  intensity  factor,  Kr, 
measured  as  a  function  of  crack  growth  up  to  and  through  the  layered  regions  ate  shown  in  Fig.  3, 
with  the  crack  position  being  measured  relative  to  the  beginning  of  the  layers  to  allow  direct 
comparison  of  the  responses  of  the  different  layer  thicknesses  (crack  growth  in  the  Ce-Zr02  up  to 
the  layers  thus  corresponds  to  negative  position  in  this  plot).  Three  of  the  specimens  contained  20 
layers  and  one  contained  40  layers.  In  all  cases,  Kr  increased  almost  linearly  as  the  cracks  grew 
through  the  layers.  The  peak  value  of  Kr  coincided  with  the  onset  of  unstable  growth  as  the  crack 
approached  the  end  of  the  layered  region  and  the  transformation  zone  penetrated  the  Ce-Zr02 
beyond.  Therefore,  since  there  is  no  indication  in  these  data  of  Kr  saturating  to  a  constant  value, 
the  noaximum  toughnesses  are  limited  by  the  finite  extent  of  the  layered  regions.  The  slopes  of  the 
R-curves  are  all  similar,  although  there  is  an  indication  that  the  slope  is  maximum  at  a  layer 
thickness  of  ~  35  ^m. 


3 

J11589HM/bjc 


The  cracks  used  for  the  quasi-static  resistance  curve  measurements  of  Fig.  3  were  all 
surrounded  by  transformation  zones  that  increased  in  width  from  ~  15  |xm  in  the  Ce-Zr02  to 
~  200  jim  at  the  end  of  the  layered  region.  These  transformation  zones  were  observed  by  optical 
interference  microscopy,  which  detects  out-of-plane  surface  distortions  due  to  the  transformation 
strain.  Increasing  zone  widths  have  also  been  observed  for  cracks  that  were  growing  unstably 
through  the  layers.  An  example  is  shown  in  Fig.  4  for  a  crack  that  grew  unstably  during  initiation 
from  the  initial  notch  and  arrested  after  penetrating  the  first  three  layers  of  Al203/ZrO2  (the  fringes 
in  this  micrograph  correspond  to  contours  of  constant  surface  uplift). 

Resistance  curves  from  two  composites  fabricated  with  Ceramatec  powder  are  shown  in 
Fig.  5.  One  of  these  composites  was  sintered  almost  to  full  density  and  contained  21  layers, 
whereas  the  other  contained  10%  porosity  and  41  layers.  In  both  composites,  Kr  increased  almost 
linearly,  with  similar  slope,  as  the  cracks  grew  through  the  layers.  However,  in  the  fully  dense 
composite,  the  R-curve  was  displaced  to  larger  values  of  Kr  by  an  amount  (-  4  MPa*ml/2)  equal 
to  the  difference  in  fracture  toughnesses  of  the  Cc-Zi02  material?  (»  5-6  jn  the  low 

density  material,  c.f.,  9-10  MPa*mJ^  in  the  higher  density  material).  The  peak  values  of  Kr  were 
limited  by  unstable  crack  growth  as  the  cracks  approached  the  ends  of  the  layered  regions  and 
tt  ansfomiation  zones  penetrated  the  uniform  Ce-Zi02. 

The  widths  of  the  transformation  zones  in  the  composite  containing  the  higher  toughness 
Geramatec  Ce'Zi02  were  much  larger  than  in  the  other  materials.  The  initial  zone  width  within  the 
Ce-Zr02  was  -  200  nm  (Fig.  6(a),  c.f.,  -  15  pm  in  the  Tosoh  material).  After  the  crack  had 
penetrated «« 10  of  the  layers,  the  transformation  zone  had  spread  to  a  width  of  “  3  mm  (Fig.  6(b)). 
At  this  stage,  the  front  of  the  zone  penetrated  the  uniform  Ce-Zi02  beyond  the  layered  region.  The 
crack  then  grew  unstably  and  arrested  after  extending  ~  1  mm  into  the  Ce-Zi02.  The  zone  width 
within  the  Ce-Zr02  beyond  the  layered  region  (Fig.  6(c))  was  much  larger  (~  1 .5  mm)  than  the 
steady-state  zone  widtli  for  a  crack  grown  in  this  Cc-Zr02  material  (such  as  in  front  of  tire  layers, 
where  the  zone  width  is  -  200  pm),  but  smaller  than  the  zone  widtlr  within  the  layers.  This  result 
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suggests  that  the  zone  width  of  the  unstable  crack  as  it  exits  the  layered  region  is  determined  by  the 
applied  stress  intensity  factor,  as  it  would  be  for  a  quasi-statically  growing  crack  (zone  width 
approximately  proportional  to  K^).  The  measured  increase  in  zone  width  from  200  p.ra  to  1.5  mm 
would  correspond  to  an  increase  in  K  by  a  factor  of  approximately  2.7,  roughly  consistent  with  the 
observed  increase  in  K  at  the  point  of  instability. 

4.  Discwssion 

All  of  the  composites  tested  exhibited  crack  resistance  curves  that  increased  almost  linearly 
as  the  cracks  grew  through  the  layered  regions.  The  slopes  of  the  R-curves  were  similar  in 
composites  with  various  layer  thicknesses,  although  the  slope  of  the  R-curve  from  the  composite 
with  intermediate  thickness  layer  (35  iim)  was  significantly  higher  than  the  others.  Although  the 
range  of  layer  thicknesses  tested  was  not  large  (-*  25  iim  to  70  jim),  these  results  do  show  that  the 
previously  observed  toughening  effect  is  not  limited  to  a  narrow  range  of  layer  thicknesses.  The 
peak  toughnesses  measured  were  in  the  range  14-18  MPa^m^^,  limited  in  all  cases  by  the  finite 
extent  of  the  layered  regions  (there  was  no  evidence  of  an  approach  to  steady  state  in  the  R- 
curves). 

The  large  transformation  zones  observed  in  the  composite  with  the  higher  toughness 
Ccramatec  ZsOi  suggest  that  veiy  high  fracture  toughnesses  could  be  achieved  in  a  composite 
containing  more  layers.  With  the  observed  zone  width  (which  had  not  saturated)  of  3  mm  and  the 
relation  Kj  a  where  Ks  is  the  steady-state  shielding  stress  intensity  factor  and  w  is  tho 
zone  width,  a  fracture  toughness  of  more  than  30  MFa*mi/2  predicted. 
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FIGURE  CAPTIONS 


Layered  composite  test  specimen. 

Optical  micrographs  of  multilayered  composites  fabricated  with  Tosoh  powder:  darker 
phase  is  AI2O3,  lighter  phase  is  Ce-Zi02. 

Crack  resistance  curves  from  the  composites  shown  in  Fig.  2.  Data  labeled  by  layer 
thicknesses  of  Al203^Zi02  in  microns. 

Optical  interference  micrograph  showing  transformation  zone  around  crack  that  initiated 
unstably  in  the  0e'ZrO2  and  arrested  in  the  layered  re^on. 

Crack  resistance  curves  for  multilayered  composites  fabricated  from  Ceraraatec  Cc-Zr02 
powdijr.  Data  labeled  by  AI2O3/Z1O2  layer  thickness  in  micions. 

In  situ  optical  micrographs  (Nomarski  interference)  from  specimen  of  Fig.  5  (25  pm 
Al203^Zr02  layer  thickness,  50  pm  Ce-Zr02)  at  several  stages  of  crack  growth: 

(a)  crack  within  uniform  0B-ZrO2, 

(b)  crack  extended  partly  through  multilayered  region,  and 

(c)  after  crack  gppow  unstably  out  of  muliUaycrcri  region. 
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4.1  TRANSFORMATION  ZONE  SHAPE  EFFECTS  IN  CRACK  SHIELDING 
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to  be  published  in  J.  Am.  Ceram.  Soc. 


13 

C11585HM/cjw 


TRANSFORMATION  ZONE  SHAPE  EFFECTS  ON  CRACK  SHIELDING 
IN  CERIA-PARTIALLY-STABILIZED  ZIRCONIA  (Ce.TZP).ALUMINA 

COMPOSITES 

Cheng-Sheng  Yu  and  Dinesh  Shetty 

Department  of  Materials  Science  and  Engineering 
University  of  Utah 
Salt  Lake  Gty.UT  84112 

Michael  C  Shaw  and  David  B.  Marshall 

Rockwell  International  Science  Center 
1049  Camino  Dos  Rios 
Thousand  Oaks,  CA  91360 

ABSTRACT 

Crack  tip  shielding  is  evaluated  for  observed  transformation  zones  in  Ce-TZP/A^Os 
composites,  in  which  the  transformadon  zone  sizes  were  changed  significantly  by  varying  the 
sintering  temperature  to  control  the  transformadon  yield  stress.  The  calculated  shielding  effects  are 
consistent  with  an  observed  insensidvity  of  crack  resistance  curves  to  transformadon  zone  size; 
smaller  zones  in  materials  with  higher  yield  stress  were  associated  with  larger  tadcs  of  wake  length 
to  zone  width  and  correspondingly  higher  normalized  shielding  stress  intensity  factor.  Shielding 
due  to  the  dilatadonal  ccanponent  of  the  transformation  strain  accounted  for  most  of  the  toughening 
observed  in  these  materials. 


1.  INTRODUCTION 

In  a  recent  study,  Yu  and  Shetty*  measured  crack  rcsistancte  curves  (R-curves)  in  a  series 
of  C6-TZP/AI2O3  materials  that  had  been  sintered  at  various  temperatures  to  vary  the 
transformadon  yield  stress  within  the  range  190-390  MPa.  The  specimen  geometry  used  for  these 
measurements  allowed  stable  crock  growth  for  the  inidal,  rising  part  of  the  resistance  curve 
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(typically  for  crack  extensions  of  1  to  2  mm).  However,  unstable  crack  growth  occurred  before 
reaching  a  steady-state  toughness.  The  widths  of  the  transformation  zones  at  the  instability  points 
varied  from  ~  30  |xm  in  the  material  with  the  highest  yield  stress  to  300  pm  in  the  material  with 
the  lowest  yield  stress.  Despite  this  large  variation  in  zone  size,  the  R-curves  were  almost  the  same 
in  all  of  the  materials,  with  instability  occurring  at  an  applied  stress  intensity  factor  of 
~  15  MPa*ml/2 


Calculations  of  the  crack  tip  shielding  due  the  observed  transformation  zones  in  the  material 
with  the  lowest  yield  stress  have  shown  that  the  measured  stress  intensity  factors  were  consistent 
with  most  of  the  toughening  being  due  to  shielding  associated  with  the  dilatational  component  of 
the  transformation  zone.^  In  this  paper  we  present  more  extensive  calculations  to  investigate 
whether  the  measured  R-curves  for  these  materials  are  consistent  with  shielding,  and  especially  to 
rationalize  the  observed  insensitivity  of  the  R-curves  to  the  uansformation  yield  stress. 

2.  MATERIALS  AND  TEST  PROCEDURES 

The  processing,  microstructures,  and  mechanical  propenies  of  the  (je-TZP/Al2C>3  mateiials 
used  in  this  study  are  described  elsewhere.  The  nominal  compositions  were  12  mole  %  Ce02’ 
Zr02  +  10  weight  %  AI2O3  +  2  weight  %  proprietary  dopant.  The  same  notation  as  in  a  previous 
paper  is  used  to  identify  materials  fabricated  from  two  powder  batches  (I  and  11)  and  sintered  at 
1500, 1475  and  1450®C  (A,  B  and  Q  (Table  1). 

R-curves  were  measured  using  single-edge-notched  bend  specimens  as  described 
elsewhere.*  In  all  cases  the  specimens  were  precracked  under  monotonic  loading  and  then 
annealed  to  eliminate  the  transformation  zone.  The  R-curves  were  then  evaluated  using  incremental 
loading,  with  unloading  at  various  stages  to  allow  measurement  of  the  transformation  zone. 
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The  transformation  zone  dimensions  were  measured  from  optical  Nomarski  interference 
micrographs  which  highlight  surface  uplift  caused  by  dilatation  within  the  zone.  The  relative 
concentrations  of  monoclinic  and  tetragonal  phases  adjacent  to  the  cracks  were  measured  by  x-ray 
diffraction  from  the  fracture  surfaces.^  In  a  material  made  from  a  third  batch  of  powder  and 
annealed  at  15(X)°C  (i.e.,  type  IIIA),  Raman  spectroscopy  was  used  to  measure  the  relative 
distributions  of  monoclinic  and  tetragonal  phases  within  transformation  zones.  These 
measurements  were  obtained  using  a  microprobe  system  (~  2  ^m  lateral  resolution)  which  was 
scanned  along  several  lines  traversing  transformation  zones  that  were  fomied  during  interrupted 
R-curvc  tests. 


3.  ZONE  SHAPES  AND  R-CijRVES 

The  large  differences  in  sizes  of  the  crack  tip  transformation  zones  in  the  various 
Ce-TZP/A^Oa  materials  at  given  q>plied  stress  intensity  factor,  Ka>  ^  shown  in  Fig.  1.  For  the 
purpose  of  tlie  shielding  calculations  in  the  following  section,  the  zam  shapes  can  be  approximated 
as  shown  in  Fig.  1(e),  with  triangular  shapes  ahead  of  and  behind  the  crack  tip.  The  zone  size  is 
then  characterized  by  the  width  w,  and  the  shape  by  the  normalized  lengths  1/w  and  d/w. 

The  measured  R-curves  for  these  four  materials  are  shown  in  Fig.  2(a),  and  the 
corresponding  zone  dimensions  are  shown  in  Figs.  2(b)-(d).  Despite  the  large  differences  in  zone 
width  at  given  Ka,  all  of  the  R-curves  are  almost  the  same,  llie  parameter  I/w,  which  defines  the 
fiontal  zone,  is  roughly  constant  during  crack  growth  and  is  the  same  for  all  materials,  most  values 
failing  within  the  range  9  to  13.  The  wake  zone  parameter  w/d  decreases  with  crack  extension  for 
a  given  material  and  increases  with  decreasing  yield  stress  at  given  crack  extension. 
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The  variation  of  the  volume  fraction  of  monoclinic  phase  with  distance  from  the  crack,  as 
measured  by  Raman  spectroscopy,  is  shown  in  Fig.  3.  A  continuous  decrease  in  f  with  distance 
is  evident,  similar  to  that  reported  in  Mg0-Zr02  materials, ^  with  a  significant  amount  of 
transformed  material  lying  outside  the  zone  boundary  that  was  inferred  from  the  Nomarski 
interference  image.  This  difference  arises  because  the  contrast  in  Nomarski  interference  is  caused 
by  changes  in  inclination  of  the  surface  rather  than  absolute  surface  displacement;  the  highest 
contrast  occurs  where  f  changes  most  rapidly.  X-ray  measurements  from  the  fracture  surfaces  of 
the  specimens  used  for  Figs.  1  and  2  (Table  1)  suggest  that  the  fraction  of  monoclinic  phase 
adjacent  to  the  crack  decreases  slightly  with  increasing  yield  stress.  However,  these  measurements 
represent  values  averaged  over  the  penetration  depth  of  the  x-rays  (~  20  urn).  For  the  material 
with  the  lowest  yield  stress,  the  gradient  in  f  is  not  significant.  However,  for  the  other  materials, 
with  smaller  zone  widths,  a  significant  decrease  in  f  occurs  within  the  penetration  depth  (assuming 
that  the  zone  profile  of  Fig.  3  scales  with  the  zone  width).  With  this  spatial  variation  in  f 
accounted  for,  the  x-ray  results  would  indicate  that  the  value  of  f  at  the  fracture  surface  is 
{^proximately  the  same  for  all  of  the  materials  (f  «  0.8). 
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4.  CRACK  SHIELDING  CALCULATIONS 


For  a  transformation  zone  with  the  shape  depicted  in  Fig.  1(e),  containing  a  uniform 
volume  fraction,  f,  of  transformed  material  with  a  net  hydrostatic  transformation  strain,  e*^,  the 
shielding  stress  intensity  factor,  Ks,  can  be  written 

eTEfiw“ird/  (1) 

where  v  is  the  Poisson's  ratio,  E  is  Young's  modulus,  and  k  is  a  funcdon  of  the  zone  shape 
parameters.*  The  function  k  can  be  evaluated  using  the  weight  function  method  of  McMeeking 
and  Evans.^  as  described  for  zones  of  similar  shape  in  Ref.  2.  This  expression  can  be  readily 
modiHed  to  account  fm  nonuniform  f  within  the  zone,  if  contours  of  constant  f  are  geometrically 
similar.  In  that  case,  in  Eq.  (1)  is  replaced  by 

where  f(x)  is  the  volume  fraction  of  tnmslormcd  material  as  a  function  of  disumce,  x,  from  the 
crack.  In  the  nortnaibed  expression  on  the  right  side  oi  Eq.  (2),  fo  is  the  value  of  f(.x)  adjat^ni  to 
Uie  crack  (x  «  0),  g(x/w)  is  *he  normalized  function  f(x)/f<};  and  w  is  a  length  scale  that  can  be 
chosen  arbitrarily.  For  the  following  calculations  we  take  w  as  die  zone  width  measured  by 
Nom^’ski  inteitercnce  (as  indicated  in  Fig.  3),  and  assume  that  g(x/w)  is  given  by  Fig.  3  for  all 
of  tite  materuls.  Then,  evaluation  of  the  ktcgral  in  Eq.  (2)  gives 


*  Fbr  the  zone  shape  of  Fig.  1(e).  x  is  not  strtcUy  independent  of  v  as  it  is  uw  the  i»Uily;:cd  by 
and  Evans.  However,  the  variation  with  v  is  very  weak  (<  2%  for  v  « (L '  .o  0.3). 
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(3) 


I  2ix/w 


d{x/w)  =  0.9. 


With  fo  =  0.8  from  the  x-ray  measurements,  Eqs.  (1),  (2)  and  (3)  give 


(4) 


where  f5=0.7. 

The  shielding  stress  intensity  factors  evaluated  frtHn  Eq.  (4)  using  the  measure  values  of 
zone  parameters  w,  w/d  and  1/w  (Figs.  2(b)  to  (d)),  with  E  =»  200  GPa,  v  =  0.3  and 
cT  0.04,  are  compared  with  the  measured  R-curvc  data  in  Fig.  4(a).  The  values  of  Ks  fall  on  a 
curve  wid)  shape  that  is  similar  ^  that  of  the  R-curvc  but  displaced  by  a  constant  amount  to  smaller 
values  of  K.  The  differences,  Ka-Ks,  for  all  of  the  data  are  plotted  in  Fig,  4(b).  The  difference  is 
approximately  constant,  most  values  failing  within  the  range  4  to  5  MPa*m -2. 

S.  DISCUSSION 

The  crack  resistance,  Kp,  at  any  point  on  the  R-cwrvc  is  given  by  die  sum  of  the  foUowing 
contributions;  the  toughness.  Ko.  of  die  transfonncd  Z1O2;  the  shielding  stress  intensity  factor, 
Ks.  due  to  the  dilatational  tmmponcnt  of  the  transfonnadon  strain;  shielding  due  to  the  shear 
component  of  the  trensformadon  suain;  and  contributions  fiom  other  toughening  mechanisms. 
The  value  of  Ko  would  be  c^tpcctcd  to  be  ~  3  MiPa*mi/2,  Therefore,  since  the  results  in  Fig.  4 
show  that  Kr  -  Ks  •  4  to  6  MPa»rol^,  it  is  evident  that  die  measured  values  of  Kr  are  almost 
fully  accounted  for  by  the  sum  of  Ko  and  Ks.  Tlic  results  also  indicate  that  the  observed 
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insensitivity  of  the  R-curves  to  the  transformation  yield  stress  (i.e.,  transformation  zone  size)  is 
consistent  with  the  values  of  Ks  calculated  with  the  observed  zone  sizes  and  shapes. 

The  insensitivity  of  Kr  to  transformation  yield  stress  warrants  further  examination.  During 
initial  loading  in  these  experiments,  the  transformation  zone  extends  behind  the  crack  tip  a  distance 
do  before  the  crack  begins  to  grow,  as  indicated  in  Fig.  1(e).  After  the  crack  extends  by  Aa,  the 
wake  zone  length,  d,  is 

d  =  do  +  Aa  (5) 


where  the  values  of  do  range  from  80  to  150  pm  (but  not  systematically  with  yield  stress).  Thus, 
if  we  take  do  as  approximately  constant  (valid  for  sufficiently  large  crack  extensions),  the  value  of 
d  at  given  crack  extension  is  approximately  the  same  for  all  materials.  Moreover  the  values  of  1/w 
are  approximately  the  same  for  all  of  the  zones  measured  in  this  study  (Fig.  2).  Therefore,  the 
relative  zone  shapes  in  different  materials  at  given  crack  extension  are  roughly  as  shown 
schematically  in  Fig.  5.  The  tendency  for  Ks  to  increase  with  increasing  zone  size  (Ks  a  VW, 
Eq.  (1))  is  thus  cancelled  by  the  effect  of  changing  zone  shape,  which  causes  k  in  Eq.  (1)  to 
decrease  (as  the  zone  gets  larger  in  changing  to  materials  with  lower  yield  stress,  the  fmntal  shape 
remains  constant,  but  the  relative  extent  of  the  wake  zone  (d/w)  decreases  (Fig.  2)).  The 
combined  effect  of  these  two  changes  is  conveniently  cssessed  by  rewriting  Eq.  (4)  as 


(6) 


so  that  Ks  is  proportional  to  the  term  in  square  brackets  at  given  Aa  (i.e.,  given  d).  Hiis  term  is 
plotted  in  Fig.  5  as  a  function  of  w/d  for  fixed  1/w  =  13.  Over  the  ranges  of  w/d  observed  in  the 
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four  materials  of  this  study  (as  marked  in  Fig.  5),  this  term  varies  slowly,  thus  explaining  the 
observed  insensitivity  of  Kg  to  the  value  of  w/d. 


With  the  value  of  L  V  d  Id  I 
approximate  expression  for  the  R-curve: 


given  by  Fig.  5,  Eqs.  (5)  and  (6)  provide  an 


K8  = 


siBl 

(1-v) 


Vf  )  ]  1  ^ 


(7) 


The  edges  of  the  shaded  regions  in  Fig.  4(a)  are  defined  by  Eq.  (5),  evaluated  using  values  of  e^, 
E,  V,  and  f  as  defined  earlier,  and  with  L  V  d  'd  ’  I  /J  =  0.022  and  0.035,  representing  the 
approximate  extremes  within  the  ranges  of  w/d  indicated  in  Fig.  5. 


Materials  with  w/d  far  out  of  the  range  of  the  present  experiments  would  not  exhibit  the 
insensitivity  of  the  R-curve  to  yield  stress,  since  the  curve  in  Fig.  5  decreases  rapidly  with 
changing  w/d  outside  this  range.  Moreover,  since  the  slope  of  the  R-curve  is  proportional  to 
.  V  d  vd  ’  1 ,  materials  with  w/d  out  of  the  range  of  the  present  experiments  would  also  have  R- 
curves  of  lower  slope.  Finally,  we  emphasize  that  all  of  the  results  discussed  here  pertain  to  the 
initial,  rising  part  of  the  R-curve,  where  the  zone  shapes  are  approximately  as  depicted  in 
Fig.  1(e).  At  larger  crack  extensions,  the  R-curves  would  be  expected  to  diverge  and  approach 
steady  state  values,  corresponding  to  transformation  zones  with  uniform  widths  over  the  crack 
wakes.  Hie  steady  state  values  of  Kr  would  be  expected  to  increase  with  increasing  zone  size. 


6.  CONCLUSIONS 


1 .  The  insensitivity  of  measured  initial  rising  portions  of  R-curves  in  Ce-TZP/AlaOj  materials 
to  variations  in  transformation  zone  size  is  consistent  with  the  calculated  effect  of  zone  shape  on 
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crack  shielding.  The  smaller  zones  were  more  efficient  in  shielding  the  crack  tip  because  of  their 
larger  ratio  of  wake  length  to  zone  width. 

2.  Most  of  the  measured  toughening  in  Ce-TZP/Al20':’  can  be  accounted  for  by  crack  tip 
shielding  due  to  the  dilatational  component  of  the  martensitic  tetragonal-to-monoclinic 
transformation. 
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Table  1 

*  Ce-TZP/AIiOa  Composites 


Sintering  Temperature  (°Q 

Yield  Stress  (MPa) 

f* 

lA 

1500 

190  ±5 

0,85 

HA 

1500 

236  ±13 

0.82 

nB 

1475 

280  ±6 

0.81 

nc 

1450 

326  ±9 

0.78 

*Volume  fraction  of  monotonic  phase  on  the  fractuie  surface,  determined  from  x-ray  diflraction 


analysis. 
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Figure  Captions 


1.  Nomarski  interference  micrographs  shc  A'ing  crack  tip  transformation  zones  in  SENB 
specimens  of  four  types  of  Ce-TZP/AlaOs  composites,  at  applied  stress  intensity  factor  of 
10  MPa»mJ/2:  (a)  type  lA,  (b)  type  flA,  (c)  type  IIB,  (d)  type  IIC,  (e)  schematic  of  zone 
shape. 

2.  (a)  Crack  resistance  curves  for  the  materials  of  Fig.  1,  measured  using  single-edge* 
notched-beam  specimens,  (b),  (c)  and  (d)  transformation  zone  dimensions  (as  defined  in 
Fig.  1(e)}  corresponding  to  the  data  of  (a). 

3.  (a)  Variation  of  volume  fraction  of  monoclinic  phase  adjacent  to  crack  in  type  IIIA 
Ce-TZP/AlaOs  composite,  measured  by  Raman  spectroscopy.  (b)Ch-ack  tip 
transformation  zone  used  for  (a)  showing  scan  line. 

4.  (a)  Comparison  of  resistance  curve  data  from  Fig.  2(a}  and  calculated  shielding  stress 
intensity  factors.  Shaded  bands  are  representations  of  Eq.  5.  (b)  Differences  between 
measured  applied  stress  intensity  factors  and  the  calculated  shielding  stress  intensity  factor. 

5 .  Variation  of  shielding  stress  iniensity  factor  with  zone  shape  parameter,  w/d.  Inset  shows 
relative  zone  sizes  and  shapes  at  given  crack  extension  in  Ce-T21P/Al203  materials  of 
different  yield  stress. 
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The  crack  tip  shielding  stress  intensity  factor  has  been  cal¬ 
culated  for  several  elongated  transfoiination  zone  shapes 
observed  in  high-toughness  ceria-zirconia  ceramics.  The  re¬ 
sults  show  that  the  measured  increases  in  fracture  tough¬ 
ness  of  these  materials  are  consistent  with  the  crack  tip 
shielding  mechanism,  to  which  the  toughening  of  other  zir- 
conla  ceramics  has  been  attributed.  Moreover,  the  presence 
of  a  very  elongated  zone  ahead  of  a  steady-state  crack  is 
shown  to  decrease  the  degree  of  shielding  compared  with 
that  of  a  zone  with  semicircular  frontal  shape  and  equiva¬ 
lent  width  by  a  factor  of  about  2.  {Key  words:  fracture 
toughness,  teti-agonai  zi^onia  {^oiycrystais,  cerium,  shield¬ 
ing,  transformaiionsj 

I.  Introduction 


stiess  intensity  factor  near  ths  crack  tip.  as  characterized  by 

K^--=K.  +  K.  (1) 

where  Kj,  is  the  applied  stress  intensity  factor  and  K,  is  tfte 
shielding  stress  intensity  factor  due  to  the  zone.  The  condi¬ 
tion  for  crack  growth  is  ta.ken  as  K„p  =  Ko,  the  fracture 
toughness  of  the  fully  transformed  material,  whereupon  ~K, 
is  the  increase  in  fracture  toughness  due  to  the  transforma¬ 
tion  zone.  The  magnitude  of  K,  can  be  calculated  following 
the  method  of  McMeeking  and  Evan$,‘°  by  applying  imagi¬ 
nary  surface  tractions  to  the  boundary  of  the  transformation 
zone  to  restore  the  original  shape  that  it  liad  before  transfor¬ 
mation,  and  applying  a  weight  function  method  to  compute 
the  stress  intensity  factor  due  to  the  body  forces,  T,  needed  to 
cancel  these  tractions; 


S'everai.  recent  studies  have  demonstrated  that  high  frac¬ 
ture  toughnesses,  in  the  range  12  to  20  MPa  •  ra*^,  can  be 
achieved  in  ccria-pariially-stabilized  zircoaia  (Ce-TZP)  ce¬ 
ramics  that  readily  undergo  martensitic  tfausformaJtion  from 
tetragonal  to  monoclinic  phase.'"’  However,  the  shapes  of  the 
transformation  zones  surrounding  cracks  in  these  materials 
arc  very  different  from  those  in  other  zirconia  materials 
of  comparable  toughness;  in  roagnosia-partslly-siabilizcd  iar- 
conia  (Mg-WZ)  the  zone  extends  apjmaiinatcly  equal  dis¬ 
tances  ahead  and  to  the  side  of  llie  crack,*  whereas  the  /one 
in  Ce-TZP  is  very  elmigatcd,  extending  ahead  of  the  crack  a 
distance  ~10  to  M  times  the  ztwe  width  (Fig.  This  ap¬ 
pearance  ol  a  slitlike  zone  ahead  of  tiie  cra^  iias  protnpted 
sevc.ral  analyses  of  crack  growth  and  toughening  in  terms  of 
a  Dugdalc  zone  mtHicl.’  ’  Moreover,  in  one  of  these  studies*  it 
was  tqKcinrally  suggested  that  the  crack  tip  shielding  mccha- 
nisnt,  whiclt  is  generally  accepted  as  the  source  of  toughening 
in  other  toughened  zirconia  materials,  is  not  ap^icablc 
for  Ce-TZP. 

Calculations  of  the  crack  tip  shielding  due  to  transfonna- 
tiotr  zones  with  the  shajjcs  olrscrvcd  in  Cc-T21P  arc  presented 
here,  with  two  purposes  in  mind.  One  is  to  determine 
wl.ithcr  such  shielding  is  indeed  consistent  w'ith  the  measured 
fracture  toughness.  Ttic  other  is  to  assess  whether  a  substan¬ 
tial  ntoreasc  in  toughness  might  be  possible  by  nredifying  the 
miett^nretute  to  eliminate  or  reduce  the  extended  frontal 
zone.  The  large  frontal  zone  is  detrimental  to  toughening  by 
crack  tip  shielding,  sittco  dilatational  transformat torr  of  ma¬ 
terial  located  within  an  angular  range  of  ♦60’  ahead  of  the 
crack  causes  an  mcreasc  in  erzek  tip  stresses.*^" 


T  hds 


a) 


where  di  is  an  element  of  the  zone  boundary  F  r'  is  Poisson’s 
ratio,  and  h  is  the  weight  function,  given,  for  mode  I  loading 
in  an  isotropic  homogeneous  body  in  plane  strain,  by*" 


'•>1  ,,  _  > 

^  fcos  (Mf2){2v  -  1  +  sin  di'Z  sin  3^/2]  | 

^  (sin  {««){2  -  -  cos  6V2  cos  3«f2)  j  '  ' 


where  /  and  dare  (josition  coordinates  relative  to  the  crack  tip. 

To  assess  the  rde  of  the  extended  frontal  zone  <w  crack  tip 
shielding,  Eq.  (2)  was  evaluated  for  the  steady-stale  (i.e.,  con¬ 
stant  zcMtc  width  in  wake  of  crack)  zones  shown  in  Fig.  I,  as 
dqiictcd  by  Rose  ami  Swain.’  1  he  net  transformation  .strain 
within  the  zone  was  taken  to  be  hydrostatic  dilatation,  so  that 
the  tractions T  ccnslst  of  ouivtard  acting  pressure  P  normal  to 
the  zone  boundary  (including  the  crack  surfaces)  as  shown  in 
Fig.  1(0).  The  pressure  is  related  to  the  unconstrained  trarts- 


il.  ABtlysii 

Crack  tip  shielding  occurs  when  the  transformation 
strains  within  the  zone  surrounding  the  crack  act  to  reduce  the 


i-W.  Cti«a-coM({aMta|  (xltlor 
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'Meaber,  AiaUicta  CetMiic  Soeiery. 


<B) 


(A)  Stcady-Mite  transformasion  rone  »h»pc  th  Cc-IZP 
(from  Kef.  3).  (B)  Zone  bouodary  a<«rl  inctior-  uscl  for  shielding 
caJevUirouf  of  Pig.  2. 
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formation  strain  and  the  volume  fraction,  /,  of  material 
transformed  within  the  zone  by’*’ 

p  =  -  2v)  (4) 

where  E  is  Young’s  modulus.  Evaluation  of  Eq.  (2)  for  the 
zone  configuration  of  Fig.  1(B),  with  various  ratios  of  'cngth, 
d,  to  width,  w,  gives  the  result 

-  vye^EfVii'  =  K(d/w)  (5) 

where  the  function  K{d/w)  is  plotted  in  Fig.  2.  At  d/w  ~  0 
(i.e.,  no  fiontal  zone)  the  value  K(d/w)  =  -0.37  is  the  same  as 
the  corresponding  result  given  by  McMeeking  and  Evans'®  as 
an  upper  bound  for  the  toughening.  As  the  frontal  zone  gets 
very  large  (d/w  ->  <»)  K,  approaches  zero,  but  it  does  so  very 
slowly  (k  =  -0.033  at  d/w  -  1000  and  k  =  -0.0033  at 
d/w  =  10^). 

Also  shown  in  Fig.  2  are  results  from  McMeeking  and 
Evans'®  for  steady-state  zones  with  two  other  frontal  zone 
shapes,  one  defined  by  a  semicircle  centered  on  the  crack  tip 
and  the  other  defined  by  a  contour  of  constant  hydrostatic 
stress  in  the  prior  elastic  crack-tip  field.  The  semicircular 
shape  is  characteristic  of  zones  in  high-toughness  Mg-PSZ 
materials.®  The  results  in  Fig.  2  indicate  that  replacement  of 
the  long  frontal  zone  with  d/w  ~  20  in  Ce-TZP  by  a  semicir¬ 
cular  frontal  zone  would  more  than  double  the  toughening  due 
to  transformation  shielding. 

To  ascertain  whether  the  measured  fracture  toughness  of 
Ce-TZP  is  consistent  with  a  shielding  mechanism,  K,  was  cal¬ 
culated  for  two  transformation  zones  from  the  paper  by  Yu 
and  Shetty,^  who  also  measured  the  parameters  needed  to  cal¬ 
culate  the  shielding.  The  zone  boundaries,  corresponding  to 
two  stages  of  growth  of  a  crack  which  initially  did  not  have  a 
zone,  are  shown  in  Fig.  3(A):  the  zone  that  developed  after 
180  ixia  of  crack  extension,  at  AT,  =  9.9  MPa  -  m"®,  was  traced 
directly  from  Fig.  2  of  Ref.  4,  whereas  the  zone  corre¬ 
sponding  to  1.3  mm  of  crack  extension  (broken  lines)  at 
K,  -  14.5  MPa  •  m"^  was  drawn  to  be  consistent  with  the  di¬ 
mensions  »v  =  340  fim  and  d/w  =  13  given  in  Ref.  4.  An  esti¬ 
mate  of  the  shielding  stress  intensity  factor  for  the  larger 
zone,  using  the  result  from  McMeeking  and  Evans'®  for  a 
steady-state  crack  with  a  frontal  zone  defined  by  a  hydro¬ 
static  stress  contour  (i.e.,  k  =  0.22  in  Eq.  (5)),  gave  K,  - 
45  MPa  •  m*^,  much  larger  than  the  measured  fracture  tough¬ 
ness.^  However,  the  observed  zc-’e  shapes  of  Fig.  3(A)  differ 
from  the  shape  corresponding  to  this  result,  both  in  their 


Fig.  k.  Crack  tip  shielding  stress  intensity  factors  for  steady-state 
cracks.  Solid  curve  refers  to  zones  with  the  shape  depicted  in 
Fig.  1(B)  with  various  relative  zone  dimensions,  diW,  ahead  of  the 
crack.  Results  for  zones  defined  ahead  of  the  crack  by  a  semicircle 
and  by  a  contou,  of  constant  hydrostatic  stress  in  an  el«'tic  rack 
tip  field  are  also  shown. 


(B) 


Fig.  3.  (A)  Transformation  zone  boundaries  corresponding  to  two 
stages  of  crack  growth  (from  data  in  Ref.  4):  solid  lines  at  crack  ex¬ 
tension  of  180  ^m,  broken  lines  at  crack  extension  of  1.3  mm. 
(B)  Zone  shape  and  tractions  used  to  calculate  K,  for  the  zones 
of  (A). 


form  ahead  of  the  crack  tip  and  in  the  absence  of  fully  devel¬ 
oped  steady-state  -wake  regions.  To  evaluate  K,  for  the  zones 
of  Fig.  3(A),  the  shapes  were  approximated  as  in  Fig.  3(B), 
with  b/w  =  2  for  the  smaller  zone  and  b/w  =  4  for  the  larger 
zone.  The  net  transformation  strain  was  assumed  to  be  hydro¬ 
static  dilation.  With  these  assumptions,  the  boundary  trac¬ 
tions  are  defined  by  Eq.  (4),  as  in  the  above  calculation,  and 
evaluation  of  Eq.  (2)  gives  k  =  -0.043  and  k  =  -0.070  for 
the  smaller  and  larger  zones.  The  corresponding  values  of  K, 
(with/  =  0.8  from  Ref.  4,  £  =  200  GPa,  v  =  0.25,  and  -■ 
0.04)  are  -4.7  MPa-m''®  for  the  smaller  zone  (w  =  166  pm) 
and  -11  MPa-m"®  for  the  larger  zone  (w  =  340  pm).  These 
values  of  K,  should  be  regarded  only  as  estimates,  since  the 
value  of  /  was  obtained  by  X-ray  diffraction  from  the  fracture 
surface  and  was  assumed  to  be  constant  throughout  the  zone, 
whereas  the  fraction  of  material  transformed  usually  de¬ 
creases  with  distance  from  the  cra-'I:.®  Also,  possible  effects  of 
a  net  shear  component  in  the  transformation  zone  or  of  micro¬ 
cracks  that  have  been  observed  within  the  zone®  have  not 
been  considered.  Nevertheless,  the  values  of  K,  are  consistent 
with  the  measured  values  of  K.  (9.9  and  14.5  MPa  •  m"^),  in 
the  sense  that  the  magnitude  of  K,  is  smaller  than,  but  a  sub¬ 
stantial  fraction  of,  K,'.  Eq.  (1)  with  these  two  values  of  K, 
gives  Ko  =  5.2  and  3.5  MPa  -  m"®  for  the  toughness  of  the 
fully  transformed  material. 

*.  view  of  these  results,  it  is  worthwhile  contemplating 
microstructural  changes  that  might  lead  to  a  reduced  frontal 
zone  and  consequential  increase  in  toughness.  The  reason  for 
the  formation  of  the  elongated  frontal  zone  is  not  known,  but  it 
is  thought  to  be  associated  with  a  strong  tendency  to  autoca- 
talytic  transformation.  Effects  of  autocatalytic  transformation 
in  Ce-TZP  have  een  observed  in  many  other  experiments. 
These  include  sudden  buists  of  transformation  that  occur 
upon  cooling  through  the  M,  temperature,  as  well  as  load 
drops  that  occur  during  tensile  loading  experiments,  coincid¬ 
ing  with  the  formation  of  narrow,  well-defined  bands  of 
transformed  material  oriented  normal  to  the  applied  tension.’ 

A  possible  approach  for  controlling  the  autocatalytic  trans¬ 
formation  may  be  suggested  by  comparing  the  behaviors  and 
micro.structures  of  Ce-TZP  and  high-toughness  Mg-PSZ.  In 
Mg-PSZ  the  transformation  zone  ahead  of  a  crack  is  approxi¬ 
mately  semicircular.®  Mg-PSZ  also  undergoes  autocatalytic 
transformation,  as  seen  by  well-defined  bands  on  the  surfaces 
of  specimens  loaded  in  either  tension  or  compression.'"’ 
However,  rather  than  extending  completely  through  the 
specimen,  the  bands  arrest  at  grain  boundaries.  Because  the 
bands  are  arrested,  separate  initiation  of  the  transformation 
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at  multiple  locations  is  necessary,  resulting  in  a  smoothly  in¬ 
creasing  stress-strain  curve  and  progressive  transformation 
when  cooling  through  the  M,  temperature.  Such  arrest  of 
transformation  bands  presumably  also  modifies  the  shape  of 
the  transformation  zone  ahead  of  a  crack  tip.  The  essential 
microstructural  difference  between  the  magnesia-  and  cc-ria- 
doped  materials  is  that  the  Mg-PSZ  contains  a  dual-scale 
microstructure,  with  small  tetragonal  precipitates  (lens¬ 
shaped  with  largest  diameter  ~300  nm)  within  large  grains 
(~50  /rm  in  diameter)  of  cubic  phase,  whereas  the  Ce-TZP 
consists  simply  of  a  polycrystalline  array  of  tetragonal  grains 
of  uniform  size  (several  micrometers)  without  any  barriers  to 
arrest  a  band  of  autocatalytically  transforming  grains  once  it 
forms.  Tsa:,  Yu,  and  Shetty have  shown  that  the  presence  of 
second-phase  AI2O3  grains  of  simitar  size  and  spacing  as  the 
ZxOt  grains  is  effective  in  preventing  the  autocatalytic  trans¬ 
formation  and  in  modifying  the  shape  of  the  zone,  but  also 
leads  to  reduced  zone  width.  By  analogy  with  Mg-PSZ,  if  a 
dual-scale  microstructure  could  be  created  in  Ce-TZP,  with 
barriers  distributed  on  a  scale  substantially  larger  than  the 
grain  size,  it  may  be  possible  to  eliminate  the  large  crack  tip 
frontal  zone  while  maintaining  the  width  of  the  wake  zone 
and  thereby  increase  the  fracture  toughness  by  approximately 
a  factor  of  2.  Several  approaches  are  being  pursued  to  test  this 
hypothesis,  including  introduction  of  large  platelets  of  AI2O3 
and  fabrication  of  layered  structures. 

III.  Conclusion 

In  conclusion,  the  calculated  shielding  stress  intensity  fac¬ 
tors  confirm  that  the  measured  fracture  toughness  in  Ce-TZP 
is  consistent  with  the  toughening  being  due  to  crack  shielding 
from  the  observed  transformation  zones.  Although  this  does 
not  rule  out  the  possibility  of  a  Dugdale  zone  model  as  pro¬ 
posed  in  Refs.  3  and  4,  we  note  that  the  shielding  mechanism 
is  also  consistent  with  the  reported^  linear  dependence  of 
the  zone  width  on  the  square  of  the  applied  stress  intensity 
factor.’  According  to  the  crack  shielding  model,  microstruc¬ 


tural  modifications  that  decrease  the  elongation  of  the  zone 
ahead  of  the  crack  could  increase  the  toughness  by  a  factor  of 
approximately  2. 
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Residual  strains  responsibie  for  crack  tip  shielding  have 
been  measured  within  transformation  zones  surrounding 
cracks  in  Mg-PSZ.  Two  techniques  were  used  for  strain 
measurement;  moire  interferometry  and  high-resolution 
image  matching.  Both  methods  provide  maps  of  differential 
in-plane  displacements  within  the  specimen  surface  inter¬ 
sected  by  the  crack,  the  latter  method  with  the  higher  reso¬ 
lution.  The  results  are  compared  with  finite-element 
analysis  to  assess  surface  relaxation  effects,  and  the  meas¬ 
ured  strains  are  used  to  evaluate  the  crack  tip  shielding 
stress  intensity  factor.  Calculations  based  on  the  assumption 
that  the  unconstrained  transformation  strain  is  hydrostatic 
dilatation  yielded  results  that  were  significantly  smaller 
than  the  measured  toughness  increases.  [Key  words:  par¬ 
tially  stabilized  zirconia,  transformation  toughening,  crack 
tip,  shielding,  finite-element  analysis.] 

I.  Introduction 

high  fracture  toughness  of  certain  zirconia-containing 
-Ceramics  has  been  attributed  to  shielding  of  crack  tips  by 
transformation  strains.’"’**  The  strains  result  from  shape 
changes  associated  with  the  martensitic  tetragonal-to-mono- 
clinic  transformation  within  limited  zones  surrounding  the 
cracks.  The  existence  of  such  zones  has  been  detected  by  sev¬ 
eral  techniques:  X-ray  diffraction, transmission  electron 
microscopy, and  Raman  spectroscopy,”'^'  all  of  which 
detect  the  presence  of  the  monoclinic  transformation  product. 

If  the  net  transformation  strain  were  known  unambigu¬ 
ously,  these  zone  measurements  would  allow  calculation  of 
the  degree  of  crack  tip  shielding,  and  hence  a  direct  compari¬ 
son  of  transformation  toughening  theory  and  experimental 
toughness  measurements.’”^'”  The  transformation  strain  is 
composed  of  both  shear  (16%)  and  dilatational  (4%)  compo¬ 
nents.^'*'’*’  However,  the  long-range  shear  component  can  be 
partly,  or  completely,  relieved  by  twinning  in  the  monoclinic 
product,  thus  introducing  an  uncertainty  of  approximately  a 
factor  of  2  in  calculating  the  toughening.'"  Elimination  of  this 
uncertainty  requires  direct  measurement  of  transformation 
strains  within  the  crack  zone.  Indirect  measurements  of  the 
strains  have  been  obtained  from  optical  interference  measure¬ 
ments  of  out-of-plane  surface  distortions  due  to  the  transfor¬ 
mation  strains.*’'**'*’  In  this  paper,  we  present  measurements 
by  high-resolution  displacement  mapping  and  moir6  interfer¬ 
ometry  of  transformation  strains  normal  to  the  crack  plane 
within  the  wake  of  the  crack.  This  technique  could  potentially 
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be  used,  in  conjunction  with  out-of-plane  displacement  meas¬ 
urements  and  finite-element  modeling,  to  deduce  the  net 
transformation  strain  directly.  In  the  present  work,  prelimi¬ 
nary  measurements  and  finite-element  analysis  are  used 
to  evaluate  the  crack  tip  shielding,  assuming  purely  dilata¬ 
tional  strain. 

II.  Experimental  Procedure 

(1)  Materials  and  Crack  Growth  Experiments 

The  test  material  was  a  partially  stabilized  zirconia*  con¬ 
taining  9  mol%  MgO  (Mg-PSZ),  as  used  in  previous  stud- 
ies.**’'*’  Fabrication,  heat  treatment,  and  microstructure  are 
described  by  Hannink**  and  Hannink  and  Swain.*  Two  final 
heat  treatments,  which  involved  subeutectoid  annealing  at 
1100*0,  were  used  to  make  materials  with  steady-state  frac¬ 
ture  toughnesses  of  11  and  16  MPa  •  m’'*.  The  microstructures 
were  composed  of  cubic  ZrOj  grains  of  ~50  jtm  diameter, 
containing  lens-shaped  tetragonal  and  monoclinic  precipitates 
(-40%  by  volume)  with  largest  dimension  -300  nm.  Recent 
study  has  shown  that  the  subeutectoid  heat  treatment  used  to 
manipulate  the  stability  of  the  tetragonal  precipitates  (and 
hence  the  toughness)  also  causes  formation  of  a  large  amount 
of  the  6-phase,  Mg2Zr50i2,  both  at  the  precipitate  boundaries 
and  throughout  the  matrix.*”* 

Cracks  were  grown  stably  under  measured  loading  condi¬ 
tions  in  compact  tension  fracture  mechanics  specimens  of  di¬ 
mension  25  mm  x  30  mm  x  2  mm.  A  loading  fixture  that 
could  attach  to  the  stage  of  an  optical  microscope  was  used, 
to  allow  in  situ  observation  of  the  crack  tip  and  wake  zones 
by  several  techniques. 

(2)  Out-of-Plane  Displacement  Measurements 

Out-of-plane  displacements  of  the  specimen  surface  adja¬ 
cent  to  the  crack  (ui  in  Fig.  1)  were  measured  by  optical  inter¬ 
ference  microscopy.  The  interference  measurements  were 
obtained  from  the  surface  of  the  compact  tension  specimen 
which  had  been  polished  flat  before  introduction  of  the  crack. 

(3)  In-Plane  Strain  Measurements 

Transformation  strains,  «*,  normal  to  the  crack  plane 
(Fig.  1)  were  measured  by  two  techniques  (the  superscript  S 
denoting  strains  measured  at  the  specimen  surface).  One 
technique  was  moir6  interferometry,”  which  involved  gluing 
a  diffraction  grid  to  the  surface  of  the  compact  tension  speci¬ 
men  before  growing  the  crack,  and  then,  during  loading  to 
extend  the  crack,  illuminating  the  surface  with  a  He-Ne  laser 
(wavelength  632  nm)  in  the  configuration  of  Fig.  2.  In  this 
setup,  half  of  the  incident  beam  impinged  directly  onto  the 
specimen  surface,  while  the  othei  half,  after  reflection  from  a 
plane  mirror,  was  incident  in  a  symmetrical  direction  to  pro¬ 
duce  a  virtual  rcferepce  grating.  The  combination  of  this  ref¬ 
erence  grating  and  the  diffraction  grating  bonded  to  the 
specimen  produced  the  moir6  pattern,  which  was  recorded 
photographically.  The  moir6  pattern  consists  of  a  set  of 
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fringes,  which  represent  contours  of  constant  displacement  in 
theATi  direction,  the  increment  between  adjacent  fringes  being 
equal  to  the  period  of  the  reference  f-rating  (0.417  ;im).  In  the 
present  experiments,  this  technique  allowed  strain  resolution 
of  10~’  over  gauge  lengths  as  small  as  40  /rm. 

The  second  technique  of  in-plane  strain  measurement  en¬ 
tailed  digital  image  matching  of  high-magnification  optical 
micrographs,  taken  from  the  surface  of  the  compact  tension 
specimen  before  and  after  passage  of  the  crack.  The  image 
matching  provides  maps  of  relative  displacements  of  corre¬ 
sponding  features  within  the  “before”  and  “after”  images. 
This  technique  (referred  to  as  HASMAP)  has  been  described 
more  fully  in  Ref.  36.  In  the  present  experiments,  the  speci¬ 
men  surface,  which  had  been  highly  polished  after  heat  treat¬ 
ment,  was  coated  with  a  thin  (~100  A)  layer  of  gold  then 
decorated  with  submicrometer  MgO  crystallites  (from  smoke 
of  burning  Mg),  which  provided  the  reference  features  for 
image  matching.  Then  a  set  of  optical  micrographs  were  ob¬ 
tained  from  the  regions  ahead  of  the  notch  while  the  speci¬ 
men  was  in  the  loading  fixture,  before  the  load  was  applied. 
After  the  load  was  applied  and  a  crack  of  sufficient  length  to 
reach  steady  state  (in  toughness  and  transformation  zone  size) 
had  grown,  another  set  of  micrographs,  which  exactly 
matched  the  first  set  in  position  and  imaging  conditions,  was 


obtained.  Analysis  of  these  micrographs  provided  Xi-X}  dis¬ 
placement  maps  with  relative  displacement  resolution  of 
—100  A  (substantially  smaller  than  the  point-to-point  image 
resolution).  The  usable  gauge  length  for  strain  measurement 
was  as  small  as  10  ^m,  substantially  smaller  than  that  achiev¬ 
able  by  moir6  interferometry. 


III.  Experimental  Results 

(1)  Moire  Interferometry 

Moir6  interference  micrographs  from  a  compact  tension 
specimen  containing  a  steady-state  crack  are  shown  in 
Figs.  3(A)  and  (B).  The  crack  was  grown  stably  from  the 
notch  a  distance  of  5  mm,  unloaded  (Fig.  3(A)),  then  reloaded 
and  extended  a  further  1.7  mm  (Fig.  3(B)).  The  steady-state 
fracture  toughness  was  16  MPa  •  m*^  In  other  specimens  that 
were  subjected  to  the  same  heat  treatment  in  an  earlier 
study,*'  increasing  crack  resistance  curves  for  the  initial  1  to 
2  mm  of  crack  extension  and  transformation  zones  of  -1  mm 
in  width  (from  Raman  spectroscc^y)  were  reported. 

The  fringes  in  Figs.  3(A)  and  (B)  represent  contours  of  con¬ 
stant  displacement  in  the  direction  xi  normal  to  the  crack. 
Therefore,  in  these  micrographs,  an  area  of  constant  normal 
strain,  ef,  in  thexi  direction  would  give  rise  to  equally  spaced 
horizontal  fringes;  an  area  of  pure  rotation  or  shear,  efi, 
would  cause  equally  spaced  vertical  fringes;  and  areas  of 
mixed  normal  strain  ei  and  either  rotation  or  shear  would 
give  inclined  fringes.  (To  distinguish  rotation  and  shear  a  sec¬ 
ond  moir6  image  would  be  needed  with  the  plane  of  incidence 
of  the  laser  rotated  by  90°.)  Several  zones  surrounding  the 
crack  in  Fig.  3  can  be  identified.  Behind  the  crack  tip  and  far 
from  the  crack  plane  (top  left  and  bottom  left  of  the  micro¬ 
graphs),  nearly  pure  rotation  (or  shear  strain)  is  evident, 
whereas  adjacent  to  the  crack  plane  in  the  wake  region,  there 
is  mixed  rotation  and  normal  strain,  with  the  normal  strain 
component  ef  being  tensile.  Surrounding  the  tensile  region  is 
a  zone  in  which  ef  is  compressive.  The  compressive  strains 
are  caused  by  Poisson’s  contraction,  associated  with  out-of¬ 
plane  displacements  of  material  outside  the  transformation 
zone  (see  Section  IV).  The  difference  in  fringe  spacing  in 
Figs.  3(A)  and  (B)  gives  a  measure  of  the  difference  in  crack 
opening  in  the  loaded  (Fig.  3(B))  and  unloaded  (Fig.  3(A)) 
states. 

The  out-of-plane  displacements  were  measured  from  opti¬ 
cal  interference  micrographs  (Fig.  4(A))  obtained  from  the 
wake  region  of  the  crack  in  Fig.  3.  The  fringes  in  Fig.  4(A) 
represent  contours  of  constant  separation  of  the  specimen 
surface  and  an  inclined  reference  mirror:  equally  spaced  hori¬ 
zontal  fringes  represent  a  flat  specimen  surface,  whereas  the 
fringe  deflections  toward  the  bottom  of  the  micrograph  indi¬ 
cate  surface  uplift.  The  narrow  region  (-20-/tm  width)  imme¬ 
diately  adjacent  to  the  crack  in  Fig.  4(A),  where  the  fringes 
deflect  in  the  opposite  direction,  toward  the  top  of  the 
micrograph,  is  due  to  deformation  of  the  moir6  grid  and  glue, 
and  corresponds  to  the  region  in  Figs.  3(A)  and  (B)  near  the 
crack  where  the  moir6  fringes  become  indistinct. 

The  residual  in-plane  and  out-of-plane  displacements,  Ui 
and  U2,  obtained  from  the  steady-state  wake  region  of 
Figs.  3(B)  and  4(A),  ate  compared  in  Fig.  4(B);  the  distances 
from  the  crack  plane  over  which  u,  and  mj  arc  nonzero  are 
similar.  The  corresponding  variation  of  the  normal  strain  ef 
with  distance  from  the  crack  is  shown  in  Fig.  4(C).  Also  plot¬ 
ted  in  Fig.  4(C)  is  the  result  of  a  finite-element  calculation 
that  takes  into  account  the  effects  of  surface  relaxation  on 
the  strains  ef  (see  Section  IV). 

(2)  Hi^-Resolution  Displacement  Field  Mapping 

The  image  matching  technique  was  used  for  generating  in¬ 
plane  displacement  maps  for  the  lower-toughness  material; 
because  of  the  smaller  transformation  zone,  the  higher  resolu¬ 
tion  of  this  method  was  needed  to  obtain  information  from 
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(B) 


F(g.  3.  Moiri  interference  micrographs  from  high-toughness  Mg-PSZ  compact  tension  specimen;  (A)  crack  grown  S  mm  from  notch  then 
appiied  ioad  removed;  (B)  crack  extended  further  1.7  mm  and  appiied  load  hold  constant  while  micrograph  recorded. 


within  the  zone.  Optical  interference  micrographs  from  the 
steady-state  crack  used  for  analysis  are  shown  in  Figs.  5(A) 
and  (B):  these  micrographs  were  obtained  with  the  reference 
mirror  parallel  to  the  undistorted  specimen  surface,  so  that 
the  fringes  represent  contours  of  constant  out-of-plane  dis¬ 
placement,  at  increments  of  Amj  =>  270  nm.  The  degree  of 
uplift  in  the  uniform  wake  zone  (approximately  0.8  (im  adja¬ 
cent  to  the  crack)  and  the  measured  steady-state  fracture 
toughness,  Kc  =  12  MPa  ■  arc  the  same  as  in  nominally 
identical  materials  used  in  two  previous  studies,”'*'  and  re¬ 
ferred  to  therein  as  “mid-toughened."  Rows  of  indentations 
visible  in  Figs.  5(A)  and  (B)  near  the  crack  were  introduced 
using  a  Vickers  indentcr  at  2-N  load,  to  provide  references  for 
precise  alignment  of  the  micrographs  taken  before  and  after 
crack  growth. 

Results  of  the  displacement  analysis  from  the  region  adja¬ 
cent  to  the  crack  in  Fig.  5(B)  are  shown  in  Fig.  5(C).  The 
strains  ef  normal  to  the  crack  are  plotted  on  the  vertical  axis, 
and  the  xi-xj  plane  corresponds  to  the  area  marked  on 
Fig.  5(B).  The  actual  micrographs  used  for  analysis  (not 
shown)  were  obtained  at  a  magnification  of  280  x  using  a  x2S 
objective  lens  with  numerical  aperture  0.45.  The  residual 


strain  ef  is  tensile  within  approximately  50  nn\  of  the  crack 
and  compressive  beyond.  The  strain  distribution  is  qualita¬ 
tively  similar  to  the  result  from  moird  interferometry  from 
the  higher-toughness  material,  but  the  zone  width  1$  smaller. 

The  magnitude  of  the  strain  adjacent  to  the  crack  is  quite 
variable  at  different  locations  along  the  wake.  The  amplitudes 
of  the  variations  arc  about  an  order  of  magnitude  larger  than 
the  sensitivity  of  the  measurements.  Moreover,  there  is  a  one- 
to-one  correspondence  between  the  nonuniformity  of  the 
strain  e?  and  areas  in  Fig.  5(B)  where  the  out-of-plane  dis¬ 
placements  are  larger  than  average  (as  indicated  by  the  bulges 
in  the  interference  fringes  adjacent  to  the  crack).  These  varia¬ 
tions  in  out-of-plane  displacements  along  the  line  of  the  crack 
are  also  evident  in  Nomarski  interference  (which  highlights 
changes  in  angle  of  the  specimen  surface)  when  the  direction 
of  apparent  illumination  is  along  the  crack  (Fig.  6).  These 
correlations  provide  confidence  that  the  nonuniformity  of  ef 
in  Fig.  5(C)  is  not  an  artifact  due  to  an  unidentified  error  in 
measurement. 

The  displacements  corresponding  to  Fig.  5(C),  measured 
along  a  set  of  12  equally  spaced  lines  normal  to  the  crack,  are 
shown  in  Fig.  7(A).  The  average  in-plane  displacements  from 


(A) 


(C) 


Fl».4.  (A)  Two-b«am  optical  interfercoce  micrograph  (wavelencth  540  nm)  of  surface  in  Fig.  3  after  crack  was  grown  entirely  through 
specimen.  Reference  mirror  tilted  so  that  downward  deflection  oftringes  results  from  surface  uplift.  (B)  In-plane  and  out*of-pl«ne  displace* 
ments  from  Figs.  3(B)  and  4(A).  (C)  Normal  strains  ef  from  data  of  (B)  and  finite-element  results  from  Fig.  8(A)  (see  Section  IV). 


Fig.  7(A)  at  each  distance  from  the  crack  arc  compared  with 
the  average  out-of-plane  displacements  from  Fig.  S(B)  in 
Fig.  7(B).  The  results  are  qualitatively  similar  to  those  in 
Fig.  4(B}  for  the  higher-toughness  material,  but  the  width 
of  the  zone  of  residual  displacements  is  smaller.  The  average 
in-planc  strains  ef  are  shown  in  Fig.  7(C),  along  with  a  finite- 
element  calculation  taking  into  account  free  surface  relaxa¬ 
tion  (see  Section  IV). 

IV,  Analysis  of  Surface  Dtsplacemcnis  and  Strains 

The  shielding  of  the  crack  tip  by  a  transformation  zone  has 
been  expressed  in  terms  of  the  unconstrained  transformation 
strains  within  the  zone  (see  Section  V).  In  the  interior  of  the 
specimen,  where  uniaxial  strain  conditions  exist  within  a 
steady-state  wake  zone  formed  by  hydrostatic  dilatational 
transformation,  the  unconstrained  transformation  strains  are 
related  straightforwardly  to  the  residual  strain  in  the  wake. 
For  transformation  with  hydrostatic  dilatation  e^,  the  residual 
strain  normal  to  the  crack  plane  is  (Appendix) 


where  p  is  Poisson’s  ratio  and  the  superscript  I  denotes  a  po¬ 
sition  adjacent  to  the  crack  plane  in  the  interior  of  the 
specimen.  However,  experimental  strain  measurements  by 
techniques  reported  here  are  restricted  to  the  specimen  sur¬ 
face  and  are  influenced  by  surface  relaxation,  as  indicated 
schematically  in  Fig.  1.  At  the  edge  of  the  crack,  uniaxial 
stress  conditions  exist  and,  for  the  dilatational  transfcvma- 


tion,  the  residual  strain  normal  to  the  crack  is  (Appendix) 

«?  =  (!  +  *')<V3  (2) 

Further  from  the  crack,  analytical  solutions  relating  the 
surface  strains  to  e'‘  arc  not  available.  Therefore,  to  evaluate 
the  effect  of  surface  relaxation  in  this  region,  finite-element 
calculations  were  done  (using  the  program  abacus)  for  the 
geometry  shown  in  Fig.  8(A)  (inset),  which  simulates  a  trans¬ 
formation  zone  of  width  w,  within  which  the  unconstrained 
transformation  strain  e^(x;)  is  a  function  of  distance  from 
the  crack  plane,  but  is  uniform  in  the  directionsx]  andx]  over 
the  wake  of  the  crack.  The  following  boundary  conditions 
were  imposed:  normal  displacements  Uj  =  0  everywhere,  nor¬ 
mal  displacements  u\  and  u:  zero  along  the  right  and  bottom 
edges,  respectively,  and  normal  stresses  zero  along  the  crack 
and  specimen  surfaces.  Elements  within  a  distance  tv  of  the 
crack  plane  were  given  a  hydrostatic  dilatational  transforma¬ 
tion  strain  (some  results  for  nonhydrostatic  strain  are  given  in 
the  Appendix)  with  magnitude  unity  adjacent  to  the  crack 
and  decreasing  to  zero  at  xi/w  =  1,  as  shown  in  Fig.  8(C). 
The  function  in  Fig.  8(C)  was  obtained  by  assuming  that 
e^(xt)  is  proportional  to  the  volume  fraction  of  material  trans¬ 
formed  at  X|,  as  measured  by  Raman  microprobc  spec¬ 
troscopy  on  simitar  materials.*'  Alternatively,  we  could  have 
taken  various  trial  functions  for  eVi)  and  chosen  the  func¬ 
tion  that  gave  closest  agreement  between  calculated  and  meas¬ 
ured  values  of  ef(xi),  as  described  in  Ref.  31.  Then, 
comparison  of  the  optimum  function  with  the  Raman  meas¬ 
urements  would  provide  an  independent  experimental 
verification  of  the  consistency  of  the  strain  and  Raman  meas¬ 
urements  and  the  assumption  that  the  transformation  strain  is 


588 


Journal  of  the  American  Ceramic  Society  —  Dadkhah  et  al. 


Vol.  74.  No.  3 


(C) 


Fig.  5.  (A)  Optical  interference  micTograpti  of  midtoughness  Mg- 
PSZ  compact  tension  specimen  containing  a  crack  grown  stably  un¬ 
der  monotonicully  increa.sing  displacement.  Reference  mirror 
parallel  to  specimen  surface  so  that  fringes  represent  contours  of 
out-of-planc  displacement  (uplift).  (B)  Higher  magnification  from 
(A)  showing  area  analyzed  by  HASMAr  (using  other,  higher- 
magnification  optical  micrographs).  (C)  Residual  strains  normal  to 
the  crack  plane  within  the  area  outlined  in  (B). 

proportional  to  the  volume  traction  of  material  transformed. 
With  the  procedure  used  here,  comparison  of  the  calculated 
and  measured  strains  epfari)  affords  a  similar  verification. 

Computed  displacements  and  strains  are  shown  in 
Figs.  8(A)  and  (B)  for  v  =  0.3.  The  in-plane  and  out-of-planc 
displacements,  nj*  and  uf,  are  qualitatively  similar  to  the  cx- 


(B) 


Fig.  6.  Nomarski  interference  micrographs  from  the  area  of 
Fig.  5(B)  at  two  different  specimen  orientations. 

pcrimciital  results  of  Figs.  4(B)  and  7(B).  The  .strain  f|  adja¬ 
cent  to  the  crack  plane  (i.c..  at  .V|  =  0)  is  consistent  with 
Eq.  (1)  at  the  interior  and  Eq.  (2)  al  the  lop  corner.  The  mag¬ 
nitude  of  the  .strain  cj  in  the  interior  decreases  with  distance 
from  the  crack  plane,  to  zero  al  the  edge  of  the  zone.  How¬ 
ever.  the  strain  ef  at  the  .surface  decreases  to  zero,  and  be¬ 
comes  compressive  within  the  zone,  with  the  maximum 
compressive  strain  occurring  close  to  the  edge  of  the  zone 
(x/w  =  1).  Therefore,  the  experimentally  observed  compres¬ 
sive  residual  strains  outside  the  region  of  residual  tensile 
strains  arc  accounted  for  by  .surface  relaxation.  It  is  also  note¬ 
worthy  that  the  surface  relaxations  are  such  that  the  net  dis¬ 
placement  of  the  edge  of  the  crack  is  negative  (i.c..  increased 
separation  of  the  crack  surfaces),  whereas  in  the  interior  of 
the  specimen,  the  net  displacement  is.  of  course,  positive 
(i.c  .  closure). 

The  computed  strain  distrit'Utions  e?(xi)  arc  compared 
quantitatively  with  the  experimental  measurements  in 
Figs.  4(C)  and  7(C).  with  the  values  of  zone  width,  iv,  and 
transformation  strain,  e^(0),  adjacent  to  the  crack  chosen  to 
give  the  best  fit  to  the  data.  For  the  moird  results  from  the 
higher  toughness  material  of  Fig.  4(C),  the  parameters  were 
w  =  750  M'tt  and  e’(0)  =  0.01.  With  the  dilatalional  compo- 

nenl  of  the  tnin.sfnrm.itinn  driiin  in  ih.^  infliuUtiml  ir-jiii.-fnrii'. 


DISPLACEMENT  ((iW)  SURFACE  DISPLACEMENT  (  M  m) 
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FIf.  7.  (A)  Rcsiduil  dlsplicements  from  Fig.  S(C),  meuured  along 
a  tel  of  12  equally  spaced  lines  normal  lo  the  crack.  (Bl  Average 
surface  displacements  adjacent  so  the  crack  ic  Fig.  5(0);  oul-of- 
plane  displacements,  ut,  from  interference  micrographs,  in-plane 
displacements  from  the  data  used  for  Figs.  5(C)  and  /(A). 
(C)  Average  in-plane  strains  ef  from  data  in  Fia.  5(C).  Shaded  band 
represents  range  within  which  90%  of  data  faO.  Finite-element  re¬ 
sults  from  Fig.  8(A)  (see  Section  IV). 
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Finite-element  calculations  of  (A)  residual  strain  normal 
to  crack  at  the  roecimen  surface  (ef)  and  in  the  interior  of  the 
specimen  (el).  (B)  Residual  in-plane  and  out-of-plane  displace¬ 
ments  at  the  specimen  surface.  (C)  Variation  of  transformation 
strain  with  distance  from  crack  (from  Raman  microprobe  meature- 
ments  of  Ret.  21). 
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ing  particles  being  el  =  0.04,  this  value  of  e’^(0)  corresponds 
to  a  volume  fraction  of  transformed  phase  of  /  -  e‘{Q)/el  = 
0.25.  For  the  strain  mapping  measurements  from  the  lower¬ 
toughness  material  of  Fig.  7(C),  the  fitted  parameters  were 
w  =  100  and  e^(0)  =  0.01.  In  both  cases,  the  computed 
and  measured  strain  distributions  show  reasonable  agreement. 
Moreover,  the  fitted  parameters  are  consistent  with  values  ob¬ 
tained  from  the  above-mentioned  Raman  measurements  from 
similar  materials  in  Ref.  21:  w  =  900  /tm,  /  =  0.22  for  the 
higher-toughness  material  and  w  =  200  urn,  f  =  0.19  for  the 
lower-toughness  material. 


evaluated  from  the  experimentally  measured  surface  strains 
ei(xi)  of  Figs.  4(C)  and  7(C).  These  results,  along  with  the 
parameters  A  =  0.25  for  the  semicircular  zone  front, 
E  =  200  GPa,  and  v  =  0.25  give  K,  =  9  MPa  •  m''^  for  the 
moir6  results  from  the  high-toughness  material  and  K,  = 
3  MPa  •  m*'^  for  the  strain  mapping  measurements  in  the  lower¬ 
toughness  material.  These  results  are  similar  to  the  values  8.8 
and  3.9  MPa-m''^  deduced  directly  from  Raman  meas¬ 
urements  (also  with  the  assumption  of  hydrostatic  dilatational 
strain)  from  nominally  identical  materi^  in  Ref.  21. 


V.  Crack  Tip  Shielding 

The  measured  residual  strains  within  the  transformation 
zone  can  be  used  directly  to  calculate  the  reduction  of  crack 
tip  stresses  due  to  the  transformations  and,  hence,  the  tough¬ 
ness  increase.  The  reduction  in  stress  at  the  crack  tip  is  ex¬ 
pressed  in  terms  of  a  shielding  stress  intensity  factor, 

Ku,  =^K,-K,  (3) 


where  Ktip  is  the  local  stress  intensity  factor  at  the  crack  tip 
and  K,  is  the  applied  stress  intensity  factor.  The  criterion  for 
crack  growth  under  monotonic  loading  is  taken  as  a  cri'ical 
value  of  (i.c.,  Kxtp  =  Ko,  where  Kq  is  the  fracture  tough¬ 
ness  in  the  absence  of  transformation  shielding).  The  corre¬ 
sponding  value  of  /k,  (/k,  =  Kc  =  Ko  +  /C,)  is  the  fracture 
toughness  measured  in  the  presence  of  shielding,  and  A',  is 
the  toughness  increase. 

For  a  steady-state  crack  (i.e.,  crack  growth  at  constant  A',), 
with  a  wake  zone  of  constant  width,  w,  containing  a  uniform 
volume  fraction,  f,  of  transformed  particles,  the  shielding 
stress  intcaisity  factor  under  plane  strain  conditions 


K,  = 


AEe^Vw 

1  -  V 


(4) 


where  £  is  Youngls  modulus,  is  the  unconstrained  transfor¬ 
mation  strain  of  the  cattirc  zone  (e^  «  fel  where  ej  is  *hc 
unconstrained  transformation  strain  of  the  individual  trans¬ 
forming  prticlcs  within  the  zone),  and  the  constant  A  is  de¬ 
pendent  upon  the  shape  of  the  zone  ahead  of  the  crack  tip,  as 
welt  as  the  nature  of  the  transformation  strain.  If  is 
isotropic  dilatational  strain  and  the  frontal  zone  is  defined  by 
a  contour  of  hydrostatic  tension  in  the  clastic  crack-tip  field, 
then  A  «  0.22.  However,  if  the  frontal  zone  is  semicircular, 
as  suggested  by  several  observations  in  Mg-PSZ  (Fig.  S{A) 
and  Ref.  21),  then  A  =  0.25. 

Previous  studies  of  Mg-PSZ®  *'  (see  Fig.  8(C))  have  shown 
that  the  fraction  of  particles  transformed  within  the  zone  de¬ 
creases  continuously  with  increasing  distartcc  from  the  crack 
(corresponding  to  a  subcritical  transformation  in  the  notation 
of  Ref.  24).  In  this  case,  the  transformation  strain  e^  is  not 
uniform.  However,  provided  all  the  contours  of  constant  e^ 
around  the  crack  tip  and  wake  arc  geometrically  similar  and 
the  not  transformation  strain  is  isotropic  dilatation,  the 
shielding  stress  intensity  factor  can  be  obtained  by  integration 
of  Eq.  (4);’'J’-“ 


where  X|  is  the  distance  from  the  crock  plane.  With  Eq.  (1)  this 
result  can  be  expressed  alternatively  in  terms  of  the  residual 
strain  el,  in  the  steady-state  wake  the  crack 


3AE 

1  +  f 


With  the  finite-element  results  of  Fig.  8(A)  being  used  to 
relate  the  strains  ef(xi)  and  e|(xi),  the  integral  in  Eq.  (6)  was 


VI.  Discussion 

The  results  described  in  the  previous  sections  provide  di¬ 
rect  measurements  of  transformation  strains  that  are  a  source 
of  toughening  in  Mg-PSZ.  With  the  assumption  that  the  net 
unconstrained  transformation  strain  is  hydrostatic  dilatation 
(i.e.,  long-range  shear  strains  arc  relieved  by  twinning),  we 
have  used  the  measured  residual  strain  components  normal  to 
the  crack  plane  in  two  materials  of  different  toughness  to  cal¬ 
culate  the  crack  tip  shielding  stress  intensity  factors.  The  re¬ 
sults  agree  closely  with  values  obtained  from  similar  materials 
using  Raman  microprobe  measurements  of  the  distributions 
of  transformed  monoclinic  phase  within  the  transformation 
zones,  with  the  same  assumption  of  a  hydrostatic  transforma¬ 
tion  strain.^'  Both  of  these  calculations  also  implicitly  as¬ 
sumed  that  the  distribution  of  monoclinic  phase  within  the 
transformation  zone  was  the  same  in  the  plane  strain  crack 
tip  region  in  the  interior  of  the  specimen  as  in  the  near- 
surface  crack  tip  region  where  plane  stress  conditions  arc 
approached.  Some  preliminary  Raman  microprobe  meas¬ 
urements  have  been  done  to  test  this  appro-ximation.*  This 
entailed  growing  kS  crack  completely  through  a  compact  ten¬ 
sion  specimen,  preparing  a  p^ished  section  normal  to  both 
the  crack  plane  and  the  original  surface  of  the  specimen,  and 
measuring  the  volume  fraction  of  monoclinic  phase  along 
scan  lines  normal  to  the  crack  at  various  depths  below  the 
original  surface.  The  results  of  these  scans  were  nut  signifi¬ 
cantly  different  from  those  on  the  original  surface. 

The  assumption  of  hydrostatic  dilatational  transformation 
strain  in  this  and  other  studies  is  rationalized  mainly  on  the 
observation  by  transmission  electron  microscopy  of  extemive 
twinning  in  the  transformed  monoclinic  particles  within 
transformation  zones.*'”’’  However,  possible  thin-foil  relax¬ 
ation  effects  cast  sonte  doubt  as  to  whether  such  observations 
arc  rcprcscrttativc  of  the  behavior  in  bulk  material.  Moreover, 
the  magnitude  of  A\  obtained  with  this  assumption,  here  and 
in  other  studies,  does  not  appear  to  account  fully  for  the  ob¬ 
served  toughctiing:  with  tlie  values  of  A,  from  Section  V  (3 
and  9  MPa  -m’'’)  and  the  measured  fracture  toughnesses  (11 
and  16  MPa  •  m*'’),  Eq.  (3)  gives  Ag  =>  7  and  8  MPa  •  m 
These  values  of  Ap  arc  substantially  larger  than  expected  for 
the  fracture  toughness  of  the  material  without  any  ioughen- 
ing.  One  possible  source  of  this  discrepancy  is  the  existence 
of  nonhydrostatic  and  nonuniform  strains  in  the  transforma¬ 
tion  zone,’*'’*  although  other  toughening  mechanisms,  such  as 
twin  boundary  movement  as  the  parties  move  through  the 
crack  tip  stress  field,  crock  deflection,  or  microcracking,  arc 
also  possible.  Experimental  methods  are  needed  to  distin¬ 
guish  these  possibilities. 

I  he  techniques  used  here  could  potentially  be  used  to  de¬ 
termine  the  dcviatoric  components  of  transformatiofk  strain 
within  the  zone.  In-ptane  residual  shear  strains  Cu  can  be  ob¬ 
tained  directly  from  the  image  matching  data  that  were  used 
to  generate  the  results  in  Figs.  5  and  7,  or  from  moir6  images 
obtained  with  two-dimensional  gratings.  Short-range,  nonuni- 
formly  distributed  shear  strains  eu  were  observed  from  the 
strain  mapping  data,  but  their  magnitudes  were  smaller  than 
6  X  10'\  an  order  of  magnitude  lower  than  the  strains  ef  ad¬ 
jacent  to  the  crack.  With  the  transformation  of  two  sets  of 
orthogonally  oriented  precipitates,  an  elongation  due  to  shear 


stiaiti  components  that  is  equivalent  to  plastic  deformatim  on 
two  slip  systems  is  possiUe,  without  giving  a  long-range  shear 
strain  eu.  In  this  cas^  the  relative  magnitudes  of  the  strain 
components  (e^eLe/)  of  the  unconstrained  transformation 
could  be  determined  from  comparison  of  the  in-plane  and 
out-of-plane  displacements  ui  and  uj.  This  would  involve 
measurement  of  ui  and  ua  as  in  Figs.  4(B)  and  7(B),  measure¬ 
ment  of  the  distribution, /(.r),  of  transformed  material  within 
the  zone  by  Raman  microprobe  spectroscopy,  and  super¬ 
position  of  the  finite-clement  solutions  of  Fig,  A1  with  the 
relative  magnitudes  of  ej,  ej,  and  ej  adjusted  so  as  to  build 
up  a  zone  consistent  with  both  the  Raman  results  and  the 
measured  values  of  Ui  and  «2-  Such  an  analysis  was  not  at¬ 
tempted  here  because  of  the  variability  in  the  amount  of 
transformation  at  different  positions  along  the  crack  wake 
(Fig.  7(A)).  However,  matcrids  with  more  uniform  zones  may 
be  amenable  to  analysis. 


Vll.  Conclusions 

Moir6  interferometry  and  high-resolution  strain  mapping 
by  image  correlation  have  been  used  to  measure  directly  the 
residual  transformation  strains  that  exist  adjacent  to  cracks, 
and  arc  responsible  for  toughening,  in  two  Mg-PSZ  materials. 
The  residual  strains  were  consistent  with  Raman  microprobe 
measurements  of  the  volume  fraction  of  material  trans¬ 
formed.  Substantial  variabiiity  in  the  residual  strains  along 
the  crack  path  was  detected.  The  average  strains  were  used  to 
calculate  directly  the  crack  tip  .shielding  stress  intensity  fac¬ 
tor,  with  the  assumption  that  the  unconstrained  transforma¬ 
tion  strain  i.s  hydrostatic  dilatation.  The  results  are  consistent 
with  other  equivalent  ca'culations  based  on  Raman  micro- 
probe  measurements  of  the  distribution  of  transformed  mono¬ 
clinic  phase,  which  also  .tssumed  that  only  the  hydrostatic 
compoficnt  of  t'fte  transformation  strain  contributes.  How¬ 
ever,  the  calculated  shielding  is  significantly  smaller  than 
the  measured  toughness  inaeose,  suggesting  that  either  non- 
hydrostatic  components  of  the  transformation  strain  are  sig¬ 
nificant  or  other  toughening  mechanisms  operate.  An 
approach  was  suggested  for  resolving  this  issue  using  the 
strain  meosuretiumt  methods  described  heroin. 


DISTANCE  FROM  CRACK  (x ,  /w) 


llg.  At.  Finite-element  cilculaiioni  of  residual  strains  at  thr 
specimen  surface  resulting  from  uniaxial  uncomuraioed  (ransfor- 
malioo  strains  in  the  three  directions xi.xi.xi. 


AITENIHX 


Residual  Transformation  Strains 


Consider  a  slab  of  material  adjacent  to  a  crack,  as  in  Fig.  S, 
which  undergoes  uniform  transformation  with  unconstrained 
normal  strains  (cf,  eJ ,ej).  At  positions  near  the  crack  but  far 
from  the  specimen  surface,  the  Mowing  conditions  exist: 

ej  =  el  =  0,  o-i  =  0  (A-1) 

where  e'  is  measured  relative  to  the  untransformed  state. 
Therefore,  the  elastic  strains  C2  and  ej  are  equal  to  -eJ  and 
~ej ,  respectively,  and  Hooke’s  law  results  in 

£«!  =  -w,  -  wj  (A-2) 

£ej  (Tj  -  wj  (A-3) 

Eej  =  -W2  +  <ry  (A-4) 


Addition  of  Eqs.  (A-3)  and  (A-4)  and  substitution  into 
Eq.  (A-2)  gives 


for  the  elastic  strain.  The  total  strain  eJ  is  the  sum  of  this  and 
the  tiamforroation  strain: 


«!  =  e?"  +  +  eJ)  (A-6) 

For  hydrostatic  dilatation  of  magnitude  =  3eJ,  with 
c>,  Eq.  {A-6)  becomes 


At  the  edge  of  the  specimen  surface  and  the  crack,  the 
Mowing  uniaxial  stress  conditions  exist: 

<f,  E  (Tj  ss  0,  ef  ®  0  (A-8) 


In  this  case,  applicaiimi  of  Hookeh  law  gives 
e?  =  -f 


which,  for  hydrostatic  dilatation  becomes 

c?  ®  (I  +  j')eV3  (A-9) 

Results  of  finite-element  computations  of  the  strain  ef  at 
the  specimen  surface  as  a  function  of  distance  from  the  crack 
jdanc  arc  sltown  in  Fig.  A1  for  the  three  stress-free  transfor¬ 
mation  strains  (E0,0),  (0,0.1).  and  (0,1,0).  The  results  for 
the  more  general  uanxfomtaiion  strain  (cuej,e>)  con  be  ob¬ 
tained  by  superposition. 
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Tniisformation  zones  surrounding  eniclu  in  several  tough¬ 
ened  magnesia-partialijr-slabillzed  zirconia  ceramics  are 
characterized  by  optical  interference  measurements  of  sur¬ 
face  uplift  and  by  Raman  microprobe  spectroscopy.  The 
measurements  demonstrate  that  the  volume  fraction  of 
tran-sformation  is  nominiforu  within  the  zone  aad  that  the 
extent  of  the  frontal  zone  is  approximately  the  same  as  that 
of  the  wake.  Results  are  used  to  evaluate  the  crack -lip 
shielding  stress  intensity  factor  and  to  compare  with  the 
measured  fracture  toughciess.  (Key  words:  crock  tip,  |iar> 
tlaiiy  staMiizcd  zfrcoala,  Raiuan  spectroscopy,  transforma¬ 
tions,  toughness.] 


I.  Introduction 

Thb  fracture  toughness  of  ZrOs-based  ceramics  can  bo 
increased  by  an  order  of  magnitude  (from  ~2  to 
20  MPa  -  m*'')  by  manipulating  their  microstructures  to 
change  the  stability  of  the  retained  tetragonal  phase.*’*'  It 
is  reasonably  well  established  that  at  least  a  substantia!  por¬ 
tion  of  this  toughening  faults  from  shielding  of  aack  tips 
from  the  applied  load  by  the  strains  resulting  from  a  marten¬ 
sitic  transformation  from  tetragonal  to  nwwociinic  symmetry 
within  limited  zones  surrounding  the  crocks.*"'*'  Swdi  zones 
have  been  detected  by  several  techniques:  X-ray  diffrac¬ 
tion, transmission  electron  microscopy  (TEM),*  **-” 
Raman  spectrtBcopy,**'*  and  oliservation*  by  optical  inter¬ 
ference  methods  of  surface  distortions  due  to  the  transfortna- 
tk»  strains.*'"*'  However,  these  mriliods  have  not  yet  been 
used  to  provide  sufficiently  quantiladve  measurements  of 
liansformation  zone  parameters  (i.c.,  distributions  of  the 
transformation  products,  net  transformation  strain)  for  a 
crwipleie  calculation  of  the  toughening  due  to  shielding. 

In  this  paper,  we  present  detailed  measurements  of  distri¬ 
butions  of  lran.sfarmatioo  products  within  zones  around  cracks 
that  were  grown  under  controlled  and  known  stress  intensity 
factors,  and  preliminary  cwrclctions  of  the  amount  of  shield¬ 
ing  with  fracture  mechanics  predictions.  Previous  attempts  at 
su^  corrclaifons  have  been  at  best  onkr-of-magoitude  estl- 
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mates  because  of  the  difficulty  of  measuring  zone  parameters: 
most  have  used  X-ray  measurements  from  fracture  surfaces  of 
broken  test  pieces  to  estimate  the  zone  size,  assuming  a 
steady-state  crack  with  a  constant  amount  of  transformation 
inside  the  zone  and  none  outside.*’"*^'**  We  will  show  that, 
for  MgO-partially-stabilized  zirconia  materials,  the  distribu¬ 
tion  of  monoclinic  phase  is  not  well  approximated  by  i>  step 
function.  Mcreover,  unless  the  fracture  surface  is  formed  by 
crack  growth  at  con:^ant  applied  stress  intensity  lactcr,  zone 
width  measurements  from  a  large  area  of  the  fracture  surface 
(as  is  the-  case  for  X-ray  measuremeuts)  may  be  misleading. 


11.  Sbleidlag  CiDck  Tip*  by  Transforaatioa 

Rigorous  fracture  mechanics  analyses  have  been  derived  to 
relate  the  toughness  increase  due  to  a  crack-tip  transformation 
zone  to  the  rone  parameters.'*'"**  Two  equivalent  approaches 
have  been  used,  one  being  based  on  an  energy-balance  analy¬ 
sis  and  the  other  involving  calculation  of  the  reduction  in 
crack-lip  stresses  by  the.  transformation  stnias.  In  the  latter 
formulation,  the  siitdding  eff<x;t  of  the  transformation  zoiie  is 
defined  by  a  stress  intensity  factor,  K„  such  that  the  crack-tip 
stress  intensity  factor,  K^,  is  given  by 


K^-^K^-K,  (1) 

where  Kt  is  the  iqiplicd  stress  intensity  factor.  The  criterion 
for  crack  growth  under  oitasi-static,  monotonic  loading  is 
taken  as  »  Ko,  where  aq  (s  the  fracture  toughness  in  the 
absence  of  shielding.  The  corresponding  value  of  K,  (K,  - 
K,<«Ki+  K,)  is  the  fracture  toughness  measured  in  the 
presence  of  shielding. 

Pot  a  steady-slate  crack  (i.e.,  crack  growth  at  constant  lf«), 
with  a  zone  conuining  a  uniform  voliune  fraction,/,  of  trans¬ 
formation  product  over  a  di^aix'e  w  from  the  cra^  surface, 
the  shielding  stress  ioieosity  factor  is*'" 


A,  “  — - - 

1  -  V 


(2) 


where  E  is  Youngh  modulus,  v  is  Poi&sonh  ratio,  is  the  trans¬ 
formation  strain,  and  the  constant  A  U  dependent  upon  the 
shape  of  the  zone  ahead  of  the  crack  tip,  as  well  as  the  nature 
of  transformation  strain.  If  e**  is  an  isotropic  dllaiational  strain 
(i.c.,  all  long-range  shear  strains  reliev^  by  twinning)  and 
the  frontal  zone  is  defined  by  a  contour  of  constant  hydro- 
static  tension  in  the  elastic  cncd(-tip  field,  then  A  «  0.22."  If 
the  amount  of  transfonnatioo  is  not  uniform,  but  contours  of 
constant  /  in  the  wake  and  around  the  crack  tip  are  ail  geo- 
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metrically  similar  (and  the  net  transformation  stress  is 
dilatational),  then  K,  can  be  evaluated  by  integration  of 
Eq. 


K.= 


AEe^ 
1  -  V 


(3) 


where  f{x)  is  the  function  representing  the  variation  of  the 
volume  fraction  of  transformed  product  with  distance  x  from 
the  crack  surface  and  wq  is  the  distance  from  the  crack  at 
which  no  transformation  occurs.  It  is  important  to  note  that 
Eqs.  (2)  and  (3)  are  restricted  to  steady-state  cracks,  with  wake 
zones  of  constant  width.  In  general,  initial  growth  of  a  crack 
in  these  materials  is  dictated  by  an  i?-curve,  with  increasing 
zone  width  as  the  crack  grows.“'“’”  Calculations  of  these 
i?-curves  indicate  that  the  steady-state  zone  width  is  achieved 
after  the  crack  grows  a  distance  several  times  the  width  of  the 
steady-state  zone.“'“’^  It  is  also  noteworthy  that,  while  the 
fracture  mechanics  analyses  are  available  to  relate  toughness 
to  zone  parameters,/tredtcrtoru  of  the  zone  parameters  such  as 
f{x),  the  frontal  shape,  and  the  net  transformation  strain  are 
presently  not  available.  These  parameters  are  determined  by 
the  initiation  condition  for  transformation  and  the  degree  of 
relaxation  of  shear  strains  by  twinning  and  variant  formation. 

Since  the  stresses  outside  the  transformation  zone  are 
dominated  by  the  applied  stress  intensity  factor,  K,,  the  size 
of  the  transformation  zone  in  a  given  material  is  dependent 
upon/f«.  Therefore,  the  dt^ree  of  shielding  is  diminished  if 
creek  growth  occurs  at  K,  <  A'<  (e.g..  slow  crack  growth  in¬ 
duced  by  cyclic  loading  reatHive  envirGument),  or  enhanced 
if  growth  occurs  at  A,  >  K<  (unstable  crack  growth,  if  dy¬ 
namic  effects  do  not  reduce  the  zone  width).  The  dependence 
of  Ki  on  A,  can  be  estimated  by  assuming  that  transformation 
initiates  at  a  position  corresponding  to  a  critical  stress  a,  in 
the  clastic  field  defined  by  K,.  Then  the  zone  width  is 
Vw  <x  K,/crt>  end  the  shielding  stress  intensity  factor  (Eq.  (2) 
or  (3))  becomes 

K,  =  PK,  (4) 

where  /i  is  a  constam  for  a  given  material  (i.e.,  for  given  a,. 


in.  ExpertmeaU 

Partially  stabilized  ziiconia  containing  9  mol%  MgO  (Mg- 
PSZ)  was  chosen  as  the  test  material  because  the  fracture 
toughness  (and  amount  of  shielding)  can  be  varied  over  a  wide 
range  by  subeutcctoid  heat  treatment.  Fabrication,  heat  treat- 
mcnl,  and  roicmslruclures  have  been  described  by  Hannink** 
and  Hannink  and  Swain;'  the  microstructures  are  composed 
of  cubic  ZiO;  grains  --SO  om  in  diameter  cooishiing  lens- 
shaped  tetragonal  precipitates  (-^40  voi%)  with  largest  dimen¬ 
sion  -"300  nm.  The  subeutcctoid  heat  treatment  does  not 
significantly  alter  the  miciosiructural  dimensions,  but  it  is 
known  to  cause  .s  decomposition  reaction  resulting  in  growth 
of  an  intermediate  (d)  phase,  MgjZriOi:,  at  the  predpitate- 
mattix  boundaries,  wUch  is  ihou^i  to  destabilize  the  tetrag- 
oiul  phase. 

Transformation  zones  surrounding  cracks  grown  under 
known  loading  conditions  (both  cyclic  and  tnonotonic)  in  com¬ 
pact  (ensioo  fracture  mechanics  specimens  were  characterized 
by  (wo  mclhods:  interference  microscopy  and  Raman  spectros¬ 
copy.  The  optical  interference  inea.sureinent5  were  trained 
from  the  faces  of  the  compact  tension  specimens  which  bad 
been  prriLshed  prior  to  inir^uction  of  the  cracks.  The  out-of- 
ptane  surface  displacements  detected  by  this  technique  provide 
an  indication  of  (he  transformation  strains.  The  Raman  spec¬ 
tra  from  the  same  surface  provide  direct  measuremcots  of  the 
(fictions  of  tetragonal  and  monodinic  phases.*^ 

Two  optical  interference  methods  were  used;  Komarski 
interference  and  conventional  interference.  Noma.'ski  inter¬ 
ference  provides  a  qualilaHv-e  indication  of  charges  iu  the 


inclination  of  the  surface,  whereas  the  conventional  interfer¬ 
ence  provides  a  direct  quantitative  measure  of  the  normal  sur¬ 
face  displacement.* 

Raman  measurements  were  obtained  using  a  microprobe 
system  with  lateral  and  depth  resolution  of  ~2  fim.  Typical 
Raman  spectra  from  regions  adjacent  to  a  crack  and  remote 
from  the  crack  in  a  material  of  high  tou^ness  (Kc  =  16  MPa  • 
m^')  are  shown  in  Fig.  1.  In  most  experiments,  the  specimens 


•Interference  microscopy  uses  a  Michelson  interferometer  to  form  an 
imaae  by  interference  of  li^t  from  the  specimen  surface  and  a  flat  reference 
mirror.  Variations  in  the  distance  between  the  specimen  surface  and  refer¬ 
ence  mirror  then  show  up  as  fringes  corresponding  to  contours  of  constant 
separation,  with  increments  of  half  of  the  wavelength  of  the  light. 


WAVENUMBERS  lorn-'*) 

(A) 


WAVENUMBERS  (cm~'l 

(B) 


IT*.  I.  Raman  spectra  from  Mg-PSZ  wish  (A)  nosity  lettasooal 
(remote  from  crack)  and  (B)  mostly  monodinic  (adjacent  to  crack) 
precipitates.  (C)  Comparison  of  Raman  intensity  ratios  with  the 
fraction  of  nuMUicliuic  fibxsc  evaluated  from  X-ray  measuremeou. 
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were  scanned  using  a  motorized  stage,  with  the  intensities  of 
the  monoclinic  and  tetragonal  peaks  being  measured  as  a 
function  of  distance  from  the  crack,  along  lines  normal  to  the 
crack,  on  the  polished  surface.  The  fraction  of  monoclinic 
phase  was  calculated  from  intensity  ratios,  using  a  calibration 
with  X-ray  measurements.'^  The  calibration  was  done  by  com¬ 
paring  X-ray  and  Raman  measurements  from  a  series  of 
specimens  that  were  heat-treated  (1100°C)  for  various  times 
to  change  the  amount  of  tetragonal-to-monoclinic  transforma¬ 
tion  throughout  the  bulk.' 

IV.  Results 

(1)  Raman  Calibration 

The  volume  fractions  of  monoclinic  phase  in  the  series  of 
heat-treated  specimens  were  evaluated  from  the  integrated 
X-ray  intensities  from  the  monoclinic  (111)  and  (111)  and  the 
tetragonal/cubic  (111)  peaks.  The  integrated  intensities  were 
derived  from  area  measurements  obtained  by  subtracting  the 
background  and  fitting  Pearson  VII  functions.”  These  re¬ 
sults  are  compared  with  intensity  ratios  for  the  monoclinic 
(179  cm"')  and  tetragonal  (145  cm"')  Raman  peaks  in  Fig.  1(C). 
Similar  calibration  curves  were  obtained  from  the  area  ratios 
using  the  combined  peaks  179,  189  cm"'  for  the  monoclinic 
phase  and  145,  265  cm"'  for  the  tetragonal  phase.  In  all  cases 
the  calibration  curves  were  nonlinear.  In  previous  studies  that 
used  Raman  measurements  to  evaluate  the  volume  fraction  of 
transformation  in  ZrOj,  a  linear  relation  was  assumed. 

(2)  Crack-Tip  Zone  Shape 

Nomarski  and  conventional  interfeience  micrographs  of 
the  crack-tip  region  in  a  high-toughness  (Ke  =  16  MPa-m*'^) 
material  are' compared  in  Figs.  2(A)  and  (B).  The  conven¬ 
tional  interference  micrograph  was  obtained  with  the  refer¬ 
ence  mirror  set  parallel  to  the  undistorted  surface,  so  that  the 
fringes  represent  contours  of  constant  out-of-plane  surface 
displacement,  separated  by  half  of  the  wavelength  of  the 
monochromatic  illumination  (A/2  =  2700  A).  Surface  uplift  is 
detected  to  a  distance  of  -1.5  mm  from  the  crack  plane,  and 
the  contours  ahead  of  the  crack  appear  to  be  approximately 
semicircular  in  shape.  These  out-of-plane  displacements 
given  an  approximate  idea  of  the  transformation  zone  dimen¬ 
sions.  However,  the  contours  do  not  provide  a  one-to-one  cor¬ 
respondence,  because  the  transformation  strains  cause  elastic 
surface  uplift  outside  the  zone.  Moreover,  the  displacements 
are  influenced  by  constraint  conditions,  which  differ  near 
the  crack  tip  and  in  the  wake.  Therefore,  the  width  of  the 
uplifted  region  is  larger  than  the  actual  transformation  zone, 
and  the  uplift  adjacent  to  the  crack  is  smaller  near  its  tip  than 
further  behind  the  tip  (Figs.  2(A)  and  3(A)). 

In  the  Nomarski  interference  micrograph  (Fig.  2(B)),  the 
.same  general  surface  uplift  is  evident  adjacent  to  the  crack, 
but  the  extent  of  uplift  is  not  resolved  as  sensitively  as  in 
conventional  interference.  In  addition,  there  is  a  general  ap¬ 
pearance  in  Nomarski  interference  of  small  transformation 
bands  oriented  at  an  angle  of  —45“  to  the  direction  of  crack 
growth,  suggestive  of  a  frontal  zone  defined  by  shear  stress 
contours.  These  small  transformation  bands  arc  also  visible  in 
Fig.  2(A),  as  jagged  outlines  of  the  contours  which  would 
otherwise  be  smooth.  It  is  clear  from  this  micrograph  that  the 
hands  arc  only  a  small  perturbation  on  the  overall  displace¬ 
ments  due  to  the  transformation  zone. 

A  more  definitive  determination  of  the  frontal  zone  shape 
is  obtained  from  Raman  microprobc  measurements  along 
scans  ahead  of,  and  beside,  the  crack  (Fig.  3(D)).  Thc.se  re¬ 
sults  indicate  that  the  decrease  in  volume  fraction  of  trans¬ 
formed  monoclinic  phase  with  distance  from  the  crack  is 
approximately  the  .same  ahead  of  the  crack  tip  as  in  the  crack 
wake.  Therefore,  the  zone  shape  (as  tlcfincd  by  any  contour 
of  constant  f)  is  approximately  semicircular  ahead  of  the 
crack  tip.  This  shape  differs  significantly  from  that  of  a  hydro¬ 


static  stress  contour,  which  is  often  assumed,  and  which  would 
extend  further  ahead  of  the  crack  than  to  the  side  by  a  factor 
of  1.5.“ 

(3)  Initial  Zone  Development 

The  crack  shown  in  Fig.  2  was  grown  initially  from  a  saw 
notch  with  a  monotonically  increasing  stress  intensity  factor, 
following  the  resistance  curve  shown  in  Fig.  4;  the  critical 
applied  stress  intensity  factor  increased  from  an  initial  value 
of  —7  MPa  •  m'"  to  a  ^eady-state  value  of  ~16  MPa  ■  m*'’  over 
a  crack  extension  of  ~4  mm  (with  90%  of  the  increase  occur¬ 
ring  within  the  first  2  mm).  The  corresponding  increase  in 
size  of  the  transformation  zone  is  clearly  evident  in  the  inter¬ 
ference  micrograph  of  Fig.  2(A):  the  outer  limit  of  detect¬ 
able  surface  displacement  increased  from  an  initial  value  of 
—50  fim  from  the  crack  plane  to  —1.5  mm  over  the  same 
region  of  crack  growth.  The  out-of-plane  surface  displace¬ 
ments,  obtained  from  Fig.  2(A)  at  several  positions  along  the 
crack,  both  within  the  region  of  initial  growth  and  within  the 
steady-state  region,  are  plotted  as  a  function  of  distance  from 
the  crack  in  Fig.  3(A).  Corresponding  Raman  measurements 
of  the  volume  fractions  of  monoclinic  phase  are  shown  in 
Fig.  3(B).  The  increasing  size  of  the  transformation  zone  with 
initial  crack  growth  is  reflected  in  both  measurements. 

(4)  Steady-State  Transformation  Zone 

Transformation  zones  were  characterized  in  regions  adja¬ 
cent  to  cracks  that  had  been  grown  under  steady-state  condi¬ 
tions  lit  two  materials,  one  with  a  steady-state  toughness  of 
10  MPa  -  m"^  and  the  other  with  toughness  of  16  MPa-m"*. 
Both  monotonic  and  cyclic  loading  conditions  were  used  in 
order  to  allow  comparison  of  zones  developed  under  different 
values  of  K,  in  a  given  material.  Eletails  of  the  cyclic  loading 
experiments  and  fatigue  crack  growth  characteristics  are  de¬ 
scribed  in  Ref.  36.  For  monotonically  loaded  cracks,  measure¬ 
ments  were  obtained  from  regions  where  the  cracks  had  grown 
at  constant  K,  for  distances  larger  than  5  times  the  transfor¬ 
mation  zone  width.  Under  cyclic  loading,  the  cracks  were 
grown  at  constant  velocity  over  a  similar  distance,  with  K, 
varying  between  fixed  values  AT,.,,  and  Kmi,,  with  AT*,,/ 

-  0.1.  Under  such  conditions,  fatigue  crack  growth 
occurs  for  £  Kc/2  'm  these  materials.* 

Interference  micrographs  are  shown  in  Figs.  5(A)  and  (B) 
for  steady-state  cracks  that  were  grown  under  mtHiotonic  load¬ 
ing.  These  micrographs  were  obtained  with  the  reference 
mirror  tilted  so  that  the  undistorted  flat  surface  appears  as 
parallel  equally  spaced  fringes  normal  to  the  crack,  and  out- 
of-plane  surface  displacements  appear  as  displacement  of  the 
fringes  in  a  direction  parallel  to  the  crack.  The  areas  shown 
were  well  behind  the  crack  tip,  where  the  displacements  were 
not  influenced  by  the  near-tip  constraint  mentioned  above. 
The  displacements  measured  from  Figs.  S(A)  and  (B),  as  well 
as  from  steady-state  cracks  grown  under  cyclic  loading,  are 
plotted  in  Fig.  5(C).  Large  differences  are  evident  in  both  the 
magnitude  of  the  displacement  at  the  crack  plane  and  in  the 
extent  of  the  displacement  field  from  the  crack. 

Corresponding  Raman  measurements  of  the  fraction  of 
transformed  precipitates  as  a  function  of  distance  from  the 
crack  plane  are  shown  in  Figs.  6  and  7;  intensity  measure¬ 
ments  (with  background  subtracted)  from  a  single  scan  from 
the  higher-toughness  material  arc  shown  in  Figs.  6(A)  and 
(B),  whereas  averaged  data  from  several  scans,  converted  to 
fraction  transformed,  are  plotted  as  a  function  of  Va  in 
Fig.  7.  The  shielding  contributions  to  the  fracture  toughnc.vscs 
(Hq.  (3))  are  proportional  to  the  areas  beneath  the  curves  in 
Fig.  7.  ^vcral  results  from  these  figures  are  notcwxjrthy: 

(I)  The  minor  peaks  in  the  individual  scans  of  Figs.  6(A) 
and  (B)  are  genuine  variations  in  the  fraction  of  monoclinic 
and  tetragonal  phases,  both  within  the  transformation 
zone  and  remote  from  the  crack.  (Statistical  fluctuatirms  in 
the  Raman  intensities  are  smaller  than  these  variations  by  a 
factor  of  appmxim.itciv  5 )  The  spati.il  scale  of  the  v.ari.aii  ms 
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Fti.  2.  (A)  OptiMl  inierfet«ncc  micrographs  (A  »  S400  A)  of  crack-lip  region  and  region  of  initial  crack  growih  in  high -toughness  hig-PSZ 
(A,  «  16  MPa  ■  m  ).  Reference  mirror  parallel  lo  undUiorlcJ  surface.  (11)  Nomarski  rnierferencc  micrograph  of  crack  lip  in  (A). 


b  approximately  equal  to  the  grain  size  (as  are  titc  widths  of 
the  irregularities  in  surface  distortions  observed  by  inter¬ 
ference  microscopy),  suggesting  that  the  crystallographic 
orientation  relative  to  the  crack-tip  stress  field  affects  the 
amount  of  transformation. 

(2)  Complete  transformation  of  the  available  tetragonal 
phase  was  never  observed  in  regions  adjacent  to  the  crack;  the 
maximum  intensity  ratio  /«/(/*  +  /,)  «■  0.8  observed  for  the 
high-toughness  material  corresponds  to  a  volume  fraction  of 
~0.3S,  whereas  (he  total  fraction  of  tetragonal  and  monoclinic 
pliascs  is  -“0.45.  Moreover,  with  the  background  (preexisting) 
monoclinic  content  subtracted,  (he  largest  volume  fraction  of 
transformation  induced  by  the  crack  is  only  /o  <»  0.25. 

(3)  Both  the  fraction  of  transformed  monoclinic  phase 
adjacent  to  the  crack  and  the  width  of  (he  iraasforroation  zone 


arc  larger  in  the  higher-toughness  material  than  in  (he  lower- 
toughness  material,  and  larger  under  monotonic  loading  than 
under  cyclic  loading  in  a  given  material  (note  (hat  crack 
growth  under  munotonic  loading  involves  a  larger  applied 
stress  intensity  factor  than  under  cyclic  loading). 

V  Discussion 

Previous  calculations  of  crack-tip  shielding  have  assumed 
that  the  amount  of  transformed  ntonoclinic  phase  adjacent  to 
the  crack  is  equal  to  the  fraction  of  tetragonal  precipitates  in 
the  original  material  (-0.45).*  "’  '’  This  was  based  on  trans¬ 
mission  electron  microscopy  observations  which  showed  all 
precipitates  transformed  near  the  crack.*-’*-”  The  results  in 
Section  iV(4)  indicate  (hat  the  fraction  transformed  is  al- 
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(A) 


(B) 

Hi.  3.  (A)  Nornil  lurftct  diupticcmenti  adUcent  to  crack  in 
Fit.  2(A) « levenl  poiitiont  ctong  the  te|ioa  of  iniliit  ftowth  end 
within  iteidV'trate  re|ion.  Crack  lip  it  it  £  -  6  mm.  Ditpitce- 
menu  ihetd  of  crack  ire  meitured  itooc  i  line  piratlet  to  the 
crick  piine,  iheid  of  the  tip.  All  other  raeituremenit  tiken  lioni 
linei  noftnil  to  crack  ptine  it  locatloru  iitdlcited.  (B)  Fraction  of 
miteriit  Iratuformed  trom  teinfonil  (o  auwodinic  ptuue  bjr  the 
crack  It  potitioas  in  (A). 


warn  less  than  this  (maximum  0.25),  thus  suggesting  that  the 
reduced  constraint  of  a  thin  TEM  foil  allows  additional 
transformation.  These  results  indicate  that  calculation  of 
uinsformation  zone  sizes  based  on  X-ray  meatuicmenu,  with 
the  assumption  of  complete  ttanlforinalion  (or  even  uniform 
volume  fraction  of  transformed  phase)  within  the  nme,  would 
give  suhstautial  undeteHimaies.  Moreover,  since  the  zone 
sizes  evident  in  Figs.  3(B)  and  7  are  much  taiger  than  the 
penetration  depths  of  X-nys,“  the  zone  depths  could  not  be 
characterized  by  X-rr<  cncasurements  from  fracture  surfaces, 
tegardieuofwbethe.  ur  not  any  assumptions  were  made  idmut 
the  zuub  pn^le. 

The  shape  of  the  zone  ahead  of  the  crack  has  been  pre¬ 
dicted  to  have  a  laige  effect  on  the  degree  of  shieldiog.*^^ 
For  examf^,  with  a  given  zone  width  in  the  wake  of  the 
crack,  a  frontal  zone  ^fined  by  a  contour  of  constant  maxi¬ 
mum  crack-tip  shear  sireu  {A  "  0.38  in  Eq.  (2))  results  in  a 
calculated  toughness  increase  taiger  by  a  factor  of  1.7  than 
that  due  to  a  frontal  zone  defined  by  a  contour  df  constant 
hydrostatic  stress  (/I  >  0.22).**  The  results  of  Fig.  2  suggest 


that  in  Mg-PSZ  the  zone  shape  is  approximately  semicircular 
ahead  of  the  crack  tip.  Local  bands  of  transformation  within 
the  zone  show  strong  contrast  in  Nomarski  interference  be¬ 
cause  of  large  local  changes  in  slope  of  the  surface.  Such  ob¬ 
servations  could  be  taken  to  suggest  a  zone  deHned  by  a  shear 
stress  contour.  However,  both  the  surface  displacement  and 
Raman  measurements  indicate  that  these  bands  are  only  a 
small  fluctuation  within  the  overall  transformation  zone  (al¬ 
though  it  is  noted  that  they  may  be  a  critical  step  in  the 
mechanism  for  determining  the  total  size  of  the  zone). 
Evaluation  of  K,  for  a  dilatational  transformation  strain 
within  a  zone  of  constant  width  in  the  wake  of  the  crack  and 
semicircutar  shm  ahead  of  the  crack  tip  yields  A  »  0.25  in 
Eqs.  (2)  and  (3).” 

The  results  in  Fig.  7  can  be  used  with  Eq.  (3)  to  evaluate 
the  shielding  stress  intensity  factors,  if  we  assume  that  the  net 
transformation  strain  is  purely  dilatatimal  (e’’  «  0.04)  and 
lake  the  frontal  zone  to  be  somidreutar.  The  caic'Mated  val¬ 
ues  of  Xi  (using  £  =  200  GPa  for  Mg-PS2)  for  the  four  sets  of 
data  in  Fig.  7  are  plotted  as  a  function  of  the  maximum  ap- 

Sed  stress  intensity  factor  (X,  for  moootooic  loading,  Xm 
’  cyclic  loading)  in  Fig.  8. 

In  both  materials  the  dependence  of  the  caicuiated  values 
of  X,  on  X«,  for  cracks  grown  under  monotonic  and  cyclic 
loading,  is  consistent  with  Eq.  (4).  This  conrelallon  im^es 
that,  provided  the  assumed  transformation  strains  are  the 
same  in  both  loading  conditions,  the  shielding  from  the  trans- 
fornuiion  zone  is  dictated  by  the  maximum  value  of  Xa  and  is 
not  influenced  by  the  cyclic  nature  of  the  load.  Therefore,  the 
fatigue  crack  growth  mechanism  mutt  invotve  reduction  of 
the  intrinsic  toughiuna,  Xq,  ralher  than  degradation  of  the 
transformation  toughening.  This  condusion  is  supported  in- 
depmdenliy  by  crack  growth  data  udiich  have  berm  shown  to 
exhibit  a  velocity  that  is  determined  uniquely  by  the  crack-tip 
stress  intensity  factor  range  AXu,  ■>  Xm  -  X,  in  these  two 
maieriats,  as  v^t  as  in  several  others  that  were  heat-treated  to 
give  different  degr^  of  toughening.’* 

The  transformation  ttnins  in  monotonic  and  cyclic  loading 
can  be  compared  by  combining  the  Raman  and  iU’.rface  uplift 
measureroents  id  Figs.  5(C:)  a^  7.  Qualitatively  simtliir  dif¬ 
ferences  between  the  four  sets  of  dau  within  each  of  these 
figures  ate  evident.  Direct  comparison  of  the  dispiacement,  uq, 
adjacent  to  the  cracks,  with  values  of  X,  calculated  from  the 
Ramsn  measurements  is  shown  in  Fig.  9.  BchH  u« and  X^  mutt 
be  monotonically  increasing  functions  of  /  and  zone  width, 
as  measured  from  the  Raman  data.  However,  the  measured 
values  of  uq  ate  influenced  also  by  the  actual  iransfarmation 
strains,  e^  whereas  the  calculated  values  of  X,  ate  not  affected 
by  e^  because  a  constant  value  was  assumed  in  calculating  X, 
from  the  Raman  data.  Therefore,  if  the  transformation  strains 
differed  in  monotonic  and  cyclic  loading  (e.g.,  different 
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FJ|.  5.  Opiical  ioierfcrcnce  micrographi  from  rccions  attjaccm  «o  rraiii*  in  Mg-PS/,  with  (A)  jn{er»wlia<e  8n4  tB)  high  <ough- 

ness  (one  sid«  of  crack  only).  Reference  mirror  tilled  so  aa  to  give  parHik!  equally  spaced  f.ingcs  fomi  the  oiKlktortcd  specimen  surface*. 
Fringe  dcfteciioni  toward  the  top  of  the  micropaphs  withm  the  region,*  adjacent  to  r.'ic  crack?  cotws^sond  to  uplift  oi  the  surface. 
(C)  Iwmal  surface  dUplacemeni  Mjaccni  to  tioady-siaie  cracks  (mcasui'd  from  optical  interference  mictograqdts  such  as  (A)  Kui  (&)) 


amounts  of  twinning  resulting  in  different  shear  components 
in  e^),  the  data  in  Fig.  9  would  fall  on  two  separate  curves  for 
monotonic  and  cyclic  loading.  Since  all  of  the  data  fall  on  a 
single  carve  within  the  measurement  accuracy,  it  is  concluded 
that  the  transformation  strains  in  cyclic  and  monotonic  load¬ 
ing  do  not  differ  significantly. 

The  magnitudes  of  the  shielding  stress  intensity  far  lors 
may  be  centred  with  the  measured  toughness  using  f^.  (1); 
fitting  this  equation  to  the  data  for  monotonic  loading  (bro¬ 
ken  curve  in  Fig.  8)  gives  Ko  =  7  MFa  •  m^*.  This  is  larger 
than  the  value  Ko  =  i  MPa  m*'’  measured  from  overaged 
material  in  which  transformation  toughening  is  eliminated, 
implying  that  the  calculated  values  of  K,  do  not  fully  account 
for  the  measured  toughness  increases.  Several  |»ssib}e  causes 
of  this  discrepney  arc  (1)  partial  reversibility  in  Ore  transfor¬ 
mation.  (2)  a  shear  component  in  the  net  transformation 
strain  (i.c.,  transfonnation  shear  strain  not  iully  relieved  by 
twinning),  and  (3)  contributions  from  other  toughening 
mechanisms.  Whether  or  not  there  is  a  shear  component  in 
the  transfonnation  strain  can  in  principle  lx  determined  by 


ctjniparisoft  of  mcv^sur6d  surface  disj^acement  profiles  such  as 
Fig.  5  with  displacements  calculated  using  varunrs  trial  com¬ 
binations  of  dilation  and  shear  'u  the  strain  tmd  the  fraction 
of  »ransfor<tiaiimt,  f[x),  measared  by  Raman  i^ctrasct^y, 
Frelimina  -  with  assunsed  to  be  purely  dtla- 

tion.!]  suggctjtco  that  a  component  of  shear  may  exist,  espe¬ 
cially  in  the  regien  cUbc  to  the  crack;''*  further  cakuistions 
with  a  shear  comR.mert  added  tr  e’'  arc  jicaded  'o  reserve 
ihb  issue.  Otiscr  in  iritu  rone  measurements  during  loitding 
and  unloading  arc  also  needed  to  detciminc  whether  there 
arc  any  change.*  in  zone  shape  during  unloading. 

Finally,  it  is  noteworthy  that  the  interference  measurc- 
ntcnls  of  surface  Ujtlift  sudt  as  ia  Ftg.  5  are  a  very  sensitive 
indknurr  of  changi\s  in  zone  size  and  toughness.  1  »c  relative 
increases  in  the  uidift,  du.  al  the  crack  and  in  the  width,  wo, 
of  the  zone  are  both  larger  than  the  relative  toughness  in¬ 
crease  Irctwccn  the  two  malcrtats.  ^ince  du  scales  with  ;W 
and,  from  Eq.  (1).  K^  scales  with/Vw.  both  du  and  w  sliouid 
scale  ttpproxiraaiely  with  (d^fl)’  (since  the  variatimt  in  /  is 
telaiivcly  small).  This  is  consistent  with  the  results  in  Fig  S. 
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0  12  3 

DISTANCE  FROM  CRACK,  X/mm 


(A) 


1 

0.7  t 


DISTANCE  FROM  CRACK  (mm) 


(B) 

Fig.  6.  (A)  Intensities  of  monoclinic  and  tetragonal  Raman  peaks 
as  a  function  of  distance  from  the  crack  in  tne  high-tougnness 
material  of  Fig.  5.  (B)  Intensity  ratios  from  (A):  /*  and  t,  are  the 
intensities  of  tne  monoclinic  and  tetragonal  peaks. 

VI,  Conclusions 

Characterization  of  transformation  zones  around  cracks  in 
several  toughened  Mg-PSZ  ceramics  by  optical  interference 
measurements  of  surface  displacements  and  by  Raman  micro¬ 
probe  spectroscopy  has  provided  the  following  results: 

(1)  The  shape  of  the  transformation  zone  ahead  of  the 
crack  tip  is  approximately  semicircular. 

(2)  The  volume  fraction  of  stress-induced  transformation 
from  tetragonal  to  monoclinic  symmetry  is  not  uniform  within 
the  transformation  zone. 

(3)  Transformation  of  all  of  the  tetragonal  phase  was 
never  observed  by  Raman  spectroscopy  in  regions  adjacent  to 


DISTANCE  FROM  CRACK  PtANE,  s/n  Ipm^'^l 

Fig.  7.  Fraction  of  material  transformed  from  tetragonal  to  mono¬ 
clinic  phase  by  the  steady-stale  cracks  of  Fig.  5(C),  as  a  function  of 


APPLIED  STRESS  INTENSITY  FACTOR  (MPa-ml'^l 


Fig.  8.  Shielding  stress  intensity  factors  calculated  using  the  meas¬ 
urements  of  Fig.  7  for  steady-state  cracks,  plotted  as  a  function  of 
the  applied  stress  intensity  factor  (Kt  for  monotonic  loading,  Kmu 
for  cyclic  loading). 

cracks,  contrary  to  TEM  observations  (the  maximum  amount 
transformed  was  approximately  80%  of  the  original  tetrago¬ 
nal  phase). 

(4)  The  reductions  in  crack-tip  stress  intensity  factor  (K,) 
due  to  shielding  from  the  transformation  zone  were  calculated 
from  the  Raman  measurements  of  the  zone  profile,  assuming 
that  only  the  dilation  component  of  the  transformation  re¬ 
mains  (i.e.,  that  the  shear  component  is  relieved  by  twinning). 
The  values  of  K,  were  significantly  smaller  than  the  measured 
toughness  increases.  This  result  implies  that  either  there  are 
other  toughening  mechanisms  operating  or  there  is  a  signifi¬ 
cant  component  of  transformation  shear  strain  that  is  not  re¬ 
lieved  by  twinning. 

(5)  In  cyclic  loading,  the  size  of  the  transformation  zone 
is  determined  by  the  maximum  stress  intensity  factor  and  the 
crack-tip  shielding  is  not  influenced  by  the  cyclic  nature  of 
the  load. 


SHIELOINO  STRESS  mTENSITV 
FACTOR.  K,  (MPa  mriJj 

Pig.  ♦.  Comnarison  of  surface  uplift  adjacent  to  cracks  (from 
riR,  5{CI)  with  shicldins  stress  intmuilv  f»cl<''r<  (from  Ftc  S' 
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ffae  subcritical  growth  of  fatigue  cracks  under  (tension- 
tension)  cyclic  loading  is  dmonstrated  for  ceramic  materials, 
based  on  experiments  using  compct  C(T)  specimens  of  a 
MgO^artUily-stabilized  zirconia  (P$Z),  heat-treated  to  vary 
the  fracture  loughuess  X,  from  ~3  to  16MPa>m‘^  and 
tested  in  inert  and  moist  environments.  Analogous  to  behav¬ 
ior  in  metals,  cyclic  fatigue-crack  rates  (over  the  range  10'" 
to  Id'*  «/cycte)  are  found  to  be  a  function  of  the  stress- 
intensity  range,  environment,  fracture  toughness,  and  load 
ratio,  and  to  show  evidence  of  fatigue  crack  closure.  Unlike 
toughness  behavior,  growth  rates  are  not  dependent  on 
through-thickness  constraint  Under  variable-amplitude 
cyclic  loading,  crack-growth  rates  show  transient  accelera¬ 
tions  fottowing  low-high  block  overloads  and  transient  re¬ 
tardations  followlog  high-low  block  overloads  cr  single 
tett^ale  overloads,  again  analogous  to  behavior  commooly 
observed  In  ductile  metals.  Cyclic  crack-growth  rates  arc 
observed  at  stress  intensities  as  tow  as  5(i%  of  X<,  and  are  typi- 
eilly  some  7  orders  of  magnitude  faster  than  corresponding 
stress-corrosion  crack-growth  rates  under  sustained-loading 
conditions.  Possible  mcchanlsius  for  cyclic  crack  advance  In 
ceramic  materiab  ate  examined,  tod  the  practical  Imptiea- 
tioas  of  such  *^ramlc  fatigue'*  are  briefty  dbeussed.  (Key 
wards:  mechanical  properties,  zlrconU:  partially  stabilised, 
amnesia,  cracks,  (htiguc-l 

I.  Introduction 

Tufe  projected  use  of  ceramics  rather  than  roctallic  materials 
for  structural  a{)plicatiorU  has  been  motivated  in  part  by 
the  prospect  that  they  may  be  insensitive  to  degradation  front 
cyclic  fatigue.'*  However,  several  invcsligaiions*''*  using 
sntooih  specimens,  sometimes  containing  indentation  flaw-$. 
tested  under  rotating  bending,  four-point  bending,  or  by  re¬ 
peated  thermal  stre^ng,  have  shown  reduced  lifetimes  fm 
alumina,  zirconia-alumina,  TZP,  and  silicon  nitride  uitdcr 
cyclic,  as  opposed  to  static,  loading  conditiorts.  Nforcover, 
subcruical  cracking  has  been  report:^  for  several  monolithic 
and  composiU!  ocramira  containing  notches  and  tested  under 
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far-field  cyclic  compressive  loads.'*-*'  Here,  limited  crack  ex¬ 
tension  occurs  from  a  notch  due  to  residual  tensile  stresses; 
mechanistically,  it  is  still  uncertain  whether  this  process  is 
similar  to  crack  growth  under  applied  tensile  loads.  However, 
there  are  few  direct  observations  of  fatigue  crack  growth  in 
cyclic  tension-tension  loading  in  ceramics. 

The  refuted  existence  of  true  cyclic  fatigue  has  been  based 
prin^brily  on  the  absence  of  crack-tip  plasticity.  However, 
other  inelastic  deformation  mechanisms  such  as  microcrack¬ 
ing,  martensitic  transformation,  or  frictional  sliding  between 
a  reinforcement  phase  and  the  matrix  may  exist  in  the  vicin¬ 
ity  of  a  crack  tip.  Direct  evidence  of  cyclic  fatiguc-crack 
growth  under  tension-tension  loads  was  first  reported**  in 
MgO-partially-stabiljzcd  zirconia  (Mg-PSZ)  that  had  Iwcn 
toughened  slight  y  by  martensitic  transformation  (fracture 
toughness.  A",  a  5.5  MPa  •  m***.  Crack -growth  rates  were 
found  to  follow  a  power-law  function  of  the  stress-intensity 
range  (with  exponent  -24),  were  sensitive  to  frequency  and 
toad  ratio,  and  exhibited  crack  closure,  analogous  lo  that  in 
nwials.**  The  existence  of  fatigue  cracking  under  tension- 
tension  loads  was  confirmed  in  Mg-l*SZ*  with  higher  tough¬ 
ness;**-**  cyclic  crack  growth  rates  as  a  function  of  AA'  have 
also  been  reported  for  alumina  under  tension-compression 
loading.*’  Moreover,  Ihniled  cyclic  fatiguc-crack  growth  data 
have  ^en  recently  reported  for  several  other  ceramics,  in¬ 
cluding  alumina,'*"*  SijN,,*  SiC-rcinforccd  alumina*’-*'  and 
Y-TZiyAtjO)**  conqjositcs,  and  pyrolytic  carbon^raphlte.** 

In  tlic  present  study,  a  more  extensive  examination  of 
cyclic  fatigue-crack  growth  in  Mg-PSZ  ceramics  is  under¬ 
taken  lo  investigate  the  dependence  of  growth  rate  cm  (i)  ftac- 
lure  toughness,  (ii)  the  cnvirtmmcnl.  (iii)  through-thickness 
coasttaint,  and  (iv)  variaWc-anqsliiudc  cyclic  loading  se¬ 
quences  (i.e.,  post -overload  bdiavlor).  The  results  arc  com¬ 
pared  with  direct  tncasuretnenis  ol  trarutformation  zone 
charactctisiics  in  order  (o  provide  some  elucidation  of  the 
Huichanisau  of  cyclic  fatigue. 

11.  Expariiaeoial  Procedure 

W  MtUtrial 

Prccipiiaicd,  partially  stabiUzed  zirconia.  containing 
9  moi%  magnesia  (Mg-PSZ),  was  selected  as  the  test  material 
for  its  wcll-characterizt  i  and  controllable  transformation- 
toughening  behavior.**  *  The  microstructure  consists  of  cu¬ 
bic  ZrO]  graias,  -S0yi<^  in  diameter,  with  approximately 
40  v-ot^  Icns-idtapcd  tetragonal  precipitates  of  maximum  size 
300  nm.  The  tetragonal  phase  undergoes  a  stress-induced 
martensitic  iransformattco  to  a  monoclinic  phase  in  the  pres¬ 
ence  of  the  high  stress  field  near  a  crack  tip.  The  resulting  di- 
laiaot  Iransforaiatioo  zone  in  the  wake  of  the  oack  exerts 
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compressive  tractirms  on  tke  crack  surfaces  and  hence 
shields^  the  crack  tip  from  the  ^plied  (far-Held)  stresses.^ 
The  reduction  in  crack-tip  stress-i:3tensity  factm',  K,,  is  de¬ 
pendent  uptm  the  volume  fraction,  /,  of  the  transforming 
phase  within  the  zone,  the  width  w  of  the  zone,  and  the  dila- 
tional  component  of  the  transformation  strain 

^lip  —  K  "  K,  (In) 

where  K^p  and  K  arc  the  local  (near-tip)  and  applied  (far- 
field)  stress-intensity  factors,  and 

K,  oc  E'e^'fw'^  (lb) 

with  E'  =  £/(l  -  v),  E  being  Young’s  modulus  and  v  Pois¬ 
son’s  ratio. 

The  Mg-PSZ  was  examined  In  four  miaostructural  condi¬ 
tions,  achieved  by  subcutectoid  aging  at  IlOO’C  to  vary  the 
fracture  tougliness  from  2.9  MPa  •  in  the  overaged  (noo- 
transformation-toughened)  condition  to  16  MPa  •  tr”  in  the 
peak-toughened  cft)  condition.  The  heat  treetments,  to¬ 
other  with  ambient-temperature  mechanical  properties,  are 
listed  in  Table  I.  Farther  details  of  the  mtcrosiructures  and 
mechanical  properties  of  these  materials  are  described  else- 
wherc.“*« 

(2)  TmHttkods 

(A)  Cyclic  Faiigm:  Cyclic  fatiguc-crack  propagation  was 
measured  using  campact  C(T)  specimens,  containing  lotsg 
(>3  mm)  through-thickness  criicks.  in  general  ar  :ordsncc 
with  the  ASTM  Standard  B  647-86a  fw  mcasuiement  of 
fatigue-crack  growth  rates  in  metallic  materials.**  Most  test 
p^s  were  3  mm  in  thiekiscss,  although  thicknesses  of  1.5 
snd  7.8  mm  were  also  tested  to  cxamiite  the  role  rjf  through- 
thickness  constraint.  Specimens  were  ^jycJically  Joaoed  at  a 
load  ratio  tratio  of  minimum  to  maximum  loads)  of  O.I  and  a 
frequency  of  50  Hz  (sine  wave)  in  high-rcsoluti«>s,  compuwr- 
controlled  elect ro-scno-hydraulic  testing  machines,  operaihtg 
under  closed-loop  displacciuctn  or  stress-intensity  con¬ 
trol.  Testing  was  tserforroed  in  controlled  room  air  (22*C, 
45%  rh),  d^uaiidtfied  gaseous  nitrogen,  and  dmilled  water 
enviixmmcnis. 

electrical  po&nlial  mcasiifcmcnts  across  -O.l-Acm  NiCr 
foils,  cvapotaicd  onto  the  tLoedmen  surface,  *s-cfc  used  in  situ 
to  monitor  «ar.k  lengths  to  a  resolution  better  thin  ±  2 
Unloading  compliance  measurcinenu  using  back-face  puges 
were  also  used  to  assess  the  extent  of  fatigue  crack  closure  in 
temts  of  the  far-ficld  stress  intensity.  at  first  corttact  of 
the  fracture  surfaces  duriitg  the  unloading  c)^^.**  The  &'«• 
value  is  calculated  from  the  highest  toad  whetx;  the  clastic  un¬ 
loading  compliance  line  deviates  from  linearity.  Kowew.  it 
should  be  noted  (hat  for  a  transforming  mstcriat  such  as  PSZ. 
a  local  measure  of  the  closure  stress  intensity  will  differ  from 
(ho  measured  (far-ficld)  value  by  an  amount  equal  to  the 
shielding  stress  intensify  (Eq.  (la)).  I'he  test  setup  is  illus¬ 
trated  in  Fig.  1. 


VTuKS-tip  (MeMlei  mcciitnUau  »cl  tr  inmde  ciack  xJrxass  tir 
tt»c  t>c*l  'ettfk  dHvig«{  (otM"  eiperiroced  ta  ((i«  victailf  ut  tke  ctaek  tip 
lUr.  tip  (itampiiai  include  lianifacatilfaM  and  ttictoerteS  lousfctAinS 
in  cerittiici  tRefl.  It,  tt).  click  keidcioi  in  coeapotiw*  (lUt.  it)  and  cim 
doiwe  duiii^  (uitue-cenck  aioettk  itLa.  4)1. 


Cracl;-growth  rates,  ds/dhf,  were  determined  over  the 
range  ~10"“  to  10'*  m/cycle  under  computer-coatroHed 
£-decreasit^  and  ^-increasing  conditions.  Data  are  presented 
in  terms  of  the  ap^died  stress-intensity  range  (4£  =  - 

K^,  where  tmd  are  the  maximum  and  minimum 
stress  intensities  in  the  fatigue  cycle)  By  considering  the  ef¬ 
fect  of  crack  closure,  an  effective  (near-tip)  stress-intensity 
range  can  also  be  estimated  as 
A  fatigue  threrirold  stress-intensity  r*inge,  betow 

which  crack  growth  is  presumed  dormant;,*’  was  defined  as 
the  maximum  value  of  EK  at  which  growth  rates  did  not  ex¬ 
ceed  10'“  m/cycle,  consistent  with  the  more  cona-vrvative 
ASTM  E  647  prxsdure.**  Thresholds  were  approached  by 
varying  the  applied  loads  so  tltat  the  instantaneous  values  of 
cra^  length,  a,  and  stress  intensity  range,  EK,  changed  ac¬ 
cording  to  the  equatiott** 

EK  =  A£o  esp(C*(a  -  uo)]  (2) 

where  a,,  and  AKt  ^tre  the  initial  values  of  a  and  AK,  and  C* 
is  the  normalized  iK-gradient  (iyK)(dK/da))  which  was  set  to 
±0.ffe  mm''.  Fo!'  the  C(T)  geometry,  stress  inunsitics  were 
computed  from  handbo^  solutions,  in  terms  of  the  applied 
load  P,  crack  length  a,  test-piece  thickness  B,  and  width  fk', 
as*^ 

K  =  (p/mt''^)s{am 
whae 

g(fl/H')  {12  +  (a/»'))[0.^  +  4.64(a/»') 

-  B.32(a/K')»  +  H.T2(afWt 

-  5.6(o/H')*B/[l  -  (3) 

Owing  to  the  brittleness  of  the  materials,  initiation  of  »he 
precrack  was  one  of  tte  meat  critical  proecduses  in  the  lest. 
In  the  current  w«k.  as  prevKHiSly,**-”  ilm  waa  achieved  by 
maeitiaiitg  a  wc^-5ba|«d  iSsrtcr  notch  oJtd  carefully  grow- 
h>g  the  crack  reu^rly  2  imn  tmt  of  th.i»  region  by  fa%uc  un- 
d«  displacement  controi.  Thus,  aM  sscasurerjicntii  reported 
hem  involvt^l  cracks  that  had  buiH  up  a  w^e  of  namformed 
material. 

(B)  Fmctuf»  ibughnas:  Following  co^rplciion  of  the 
tiguc  crack -growth  tests,  fracture  toughnesses  wers  deter¬ 
mined  by  loading  mmiotonically  (with  displaecmeni  control) 
to  genesate  a  f<sl?tat>ec  curve,  kAAa).  Procedures  essentially 
conform  to  AS3'M  Standard  B  5^-37  fw  the  nseasurernent  nA 
the  toughness  at  crack  iuHtation,  K,-^  in  addition,  a  ma^^i- 
mum  toughness,  K,,  wm  measured  ai  the  sroady-state  plateau 
or  peak  the  R-curve.  Since  livcic  tesat  all  Invigvxt  sharp 
cracks,  the  measured  toughnesses  may  be  smaller  than  val¬ 
ues  obtained  from  other  methods  ih^  rely  on  a  machined 
notch  as  the  initial  crack  On  the  other  ha^,  test  specinrens 
that  had  to  instability  cd  the  crack  in  the  rising  prt  of  the 
K-curv'c  would  give  lower  apparent  toughnesses  than  (hose 
reported  here. 

III.  Rmlts  and  DtscsissloD 
(1)  BpU  ^  fInKiun  Toufkims 
(4)  Grmih-Bau  Bfhaxior:  Resistance  curves  for  the  four 
microstructurcs  arc  illustrated  in  Fig.  2.  The  overaged  ma¬ 
terial  coniains  only  transformed  moooclink  prmpitates  and 


Tabic  I.  Heat  TrtatneaU  and  Tcasilc  Froperties  of  Mg-PSZ 


Cocidtiion  (srtde) 

HmI 

Ymac) 
moduliu,  e 

ior$) 

Apptat. 

MUlit* 

UltMIk 

tMP») 

FtkIuic 

tounkneo  (MIW  •  *«'*)• 

K  AT. 

Overaged 

24  h  at  llOO’C 

<200 

300 

15  2.9 

Low  toughness  (AF) 

As  received 

208 

300 

3.0  55 

Mid  toughness  (MS) 

3  h  at  noox: 

m 

600 

3.0  115 

Peak  toughness  (TS) 

7  h  at  1100*C 

208 

400 

35  160 
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Fig.  1.  Experimental  techniquea  used  to  monitor  continuously  crack  length  and  the  stress  intensity,  Kd  at  crack  closure 
during  cyclic  fatigue-crack  propagation  tests  are  schematically  illustrateoin  (a).  Actual  back-face  strain  data  indicating 
points  of  marked  (point  A)  and  marginal  (point  B)  deviations  in  linearity  of  the  compliance  curve  are  shown  in  (b). 


shows  only  a  very  shallow  /?-curve  with  Kc  -  2.9  MPa  •  m’'*. 
The  other  materials  exhibit  various  degrees  of  transformation 
toughening,  with  toughnesses  (plateau  Kc)  of  5.5  to 
16  MPa  in*'^.  Note  that  the  results  in  Fig.  2  do  not  represent 
the  entire  /?-curves,  since  measurements  were  obtained  di¬ 
rectly  after  fatigue  testing,  with  the  first  measurement  being 
taken  at  the  K„cj  of  the  previous  fatigue  loading  cycle. 

Cyclic  fatigue-crack  propagation  data  are  plotted  in  Fig.  3 
as  a  function  of  the  stress-intensity  range  AK,  for  a  controlled 
room-air  environment.  As  in  metallic  materials,  growth  rates 
can  be  fitted  to  a  conventional  Paris  law  relationship:** 

da/dM  =  C(AKr  (4) 

However,  the  exponent  m  is  considerably  larger  than  re¬ 
ported  for  metals,  i.e.,  in  the  range  21  to  42  (as  opposed  to  2 
to  4  for  metals),  and  the  constant  C  scales  inversely  with  the 
fracture  toughness.  It  is  especially  noteworthy  that  the  over¬ 
aged  material,  in  which  the  nonlinear  deformation  behavior 
associated  with  transformation  plasticity  has  been  removed, 
displays  extensive  cyclic  fatigue-crack  propagation,  with  a 
power-law  dependence  on  the  stress-intensity  range  similar  to 


Fig.  2.  Frac lure  toughness  behavior  of  Mg-l’SZ,  sub- 
futectoid  aged  lo  a  f.inge  of  Kr  values  from  2.9  l«» 
IS  s  MPa  nr  slu'wlng  resistance  Curves 


that  of  the  toughened  materials.  Moreover,  the  present  data 
indicate  that  the  overaged  material  exhibits  fatigue-crack 
growth  at  stress  intensities  below  that  required  feu  crack  ini¬ 
tiation  under  monotonic  loading  on  the  R-curve  (Ki  values 
from  Ref.  35  in  Table  I).  In  fact,  each  set  of  data  shows  an  ap¬ 
parent  threshold  below  which  crack  growth  is  presumed  de^- 
mant  (i.e.,  <10"'®  m/cycle)  at  a  value,  AKnt,  approximately 
50%  of  Ke-  Values  of  C,  m,  and  AKm  for  each  micro- 
structure  are  listed  in  Table  II.  These  results  show  that  resist¬ 
ance  to  cyclic  fatigue-crack  growth  in  Mg-PSZ  is  enhanced 
with  increasing  fracture  toughness. 

The  data  in  Fig.  3  for  the  low-toughness  (AF)  material  were 
shown  previously**  to  be  a  true  cyclic  fatigue  phenomenon, 
with  growth  rates  proportional  to  the  range  of  stress  intensity, 
rather  than  subcritical  cracking  at  maximum  load.  These  tests 
involved  monitoring  crack  growth  rates  at  constant  K„^,  with 
(i)  the  load  cycled  ^tween  K„,,  and  (R  =  0.1)  compared 
to  being  held  constant  at  K„tj  (Fig.  4(a)),  and  (ii)  the  value  of 
being  varied  (Fig.  4(b)). 


FIr.  .1.  Cyclic  fatigue-crack  growth  behavior,  in  terms  of 
growth  rales  per  cycle.  da/dN,  as  a  function  of  the  stress  irr 
tensity  range.  AK,  for  Mt-PSZ,  subeutecloid  Med  to  a  range 
of  K,  toughnesses  from  2.9  to  15.5  MPa  •  m'*  Data  were  or* 
tained  on  C(T)  samples  in  a  room-air  environment  at  50  H? 
(requenev  with  n  to.iit  r.^tio  tft  =-  K.  of  0  I 
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TaUe  II.  Valaes  of  C  and  m  (in  Eq.  (4))  and  the  Threshold  AEro  in  Mg-PSZ 


(MPa-m*^ 

(m/cycIeiMPa-m*^)  ") 

m 

Overaged 

2.9 

2.00  X  10"” 

21 

1.6 

Low  toughness  (AF) 

5.5 

4.89  X  10-“ 

24 

3.0 

Mid  tou^ness  (MS) 

11.5 

5.70  X  10'“ 

24 

5.2 

Peak  toughness  (TS) 

16.0 

1.70  X  10-“ 

42 

7.7 

'aKw  defioed  at  a  maximum  growth  rate  less  than  10"“  ra/cycle." 


(B)  Proctography:  The  transgranular  nature  of  crack  paths 
was  clearly  evident  from  optical  microscopy  of  etched  sur¬ 
faces  (Fig.  5)  in  which  grain  boundaries  were  decorated  with 
monoclinic  zirconia  phase.  Crack  paths  additionally  show 
evidence  of  frequent  crack  deflection,  branching,  and  un¬ 
cracked  ligament  bridging  behind  the  crack  tip.  The  degree  of 
crack  tortuosity,  however,  appears  progressively  diminished 
with  decreasing  toughness,  as  evidenced  by  the  comparatively 
flat  crack  path  in  the  overaged  microstructure  pig.  5(b)). 
Corresponding  scanning  electron  micrographs  (Fig.  6)  indi¬ 
cate  that  the  fracture-surface  appearance  under  cyclic  loading 
is  nominally  identical  to  that  under  monotonic  loading;  more¬ 
over,  unlike  many  metals  and  polymers,  no  evidence  of  fa¬ 
tigue  striations  or  cmck  arrest  markings  are  apparent  on  the 
fatigue  fracture  surfaces.^ 

(C)  Fatigue  Crack  Closure:  In  addition  to  possible  crack- 
tip  shielding  from  crack  deflection  and  bridging  noted  above, 
fatigue-crack  growth  in  PSZ  ceramics  shows  evidence  of 
crack  closure,  analogous  to  behavior  in  rnetals.^'^^'^  Such  clo¬ 
sure  involves  premature  contact  between  the  crack  surfaces 
during  the  unloading  cycle,  which  raises  the  effective 
i-Kd),  thereby  lowering  the  effective  Global  (far-field) 
Kci  values,  calculated  from  the  highest  load  at  the  onset  of 
marked  deviation  from  linearity  of  the  back-face  strrin  com¬ 
pliance  measurements  (point  (A)  in  Fig.  1(b)),  show  increasing 
Kct/K^  ratios  as  the  threshold  AKm  is  approached  (Fig.  7), 
characteristic  of  (contact)  shielding  by  wedging  (which  is  en¬ 
hanced  at  smaller  crack  opening  displacements).  In  view  of  the 
deflected  nature  of  the  crack  paths,  it  is  suggested  that  such 
closure  results  primarily  from  the  wedging  action  of  fracture- 
surface  asperities  (roughness-induced  crack  closure).^”  This 
would  also  be  consistent  with  the  progressively  higher  levels 


^Similar  results  have  been  obtained  in  eraphite/pyrolytic  carbon  lami¬ 
nates,  where  cyclic  fatigue  fracture  morphologies  are  also  indistinguishable 
from  those  of  monotonlc  overload  fractures  (Ref.  30). 


(a) 


of  crack  closure  seen  in  the  higher  toughness  miaostructures, 
which  exhibit  the  roughest  crack  paths.  Moreover,  the  in¬ 
creasingly  dilatant  transformation  zones  in  the  tougher 
materials  act  to  reduce  the  crack  opening  displacements, 
which  further  encourages  premature  crack-surface  contact 
on  unloading. 

(D)  Observation  of  Transformation  Zones:  The  influ¬ 
ence  of  transformation-zone  shielding  on  fatigue  cracking 
was  investigated  by  comparing  wake  zones  in  the  mid-  and 
peak-toughened  materials.  Two  techniques  were  used  to  char¬ 
acterize  the  zones:  interference  microscopy  and  Raman  spec¬ 
troscopy.  The  Raman  spectroscopy  provides  a  direct  measure 
of  the  fraction  of  tetragonal  and  monoclinic  phases  within  the 
zone,  w'ith  a  spatial  resolution  of  -2  ^m  (using  a  microprobe 
system).*^  The  optical  interference  measurements  from  the 
polished  face  of  the  compact  tension  specimens  provide  a 
measure  of  normal  surface  displacements  due  to  the  transfor¬ 
mation  within  the  zone.  The  displacements  are  dependent  on 
both  the  fraction  of  transformation  and  the  net  transforma¬ 
tion  strain.^*’** 

Raman  measurements  of  the  volume  fraction  of  material 
transformed  to  the  monoclinic  phase,  within  zones  adjacent 
to  cracks  that  had  been  grown  under  cyclic  loading  at  con¬ 
stant  AK  or  under  steady-state,  monotoric  loading  (i.e.,  at 
K  -  Kc),  are  shown  in  Fig.  8.  The  results  indicate  that  the 
fraction  of  transformed  material  is  in  all  cases  nonuniform 
and  smaller  than  the  total  available  fraction  of  tetragonal 
phase  (~0.4),  even  adjacent  to  the  fracture  surface. 

The  shielding  stress-intensity  factors,  K„  corresponding  to 
the  data  of  Fig.  8  can  be  calculated  by  integration  of  Eq.  (16) 
(which  is  valid  for  a  step-function  zone  profile):^ 


**Integration  of  Eq.tlb)  to  obtain  Eq.  (5)  requires  that  ail  contours  of  con¬ 
stant  /  in  the  wake  and  around  the  tip  of  the  crack  be  geometrically  similar. 
Other  Raman  measurements  confirm  that  this  requirement  is  satisfied.”^ 


(b) 


Fig.  4.  Effect  in  low-toughness  Mg-PSZ  (AF)  microstructure  of  (a)  sustained  and  cyclic  loading  conditions  on  the  crack  veloc¬ 
ity,  daldl,  at  constant  Kmu  (“3.8  MPa  •  m'"),  and  (b)  varying  applied  slress-inteusity  range  AK  on  crack  velocity  at  constant 
(-=4.2  MPa -mW)  [after  Ref.  22]. 


OVERAGED 


FATIGUE 


Hg.  5.  Opiical  tllicropraph^  of  the  niorpluilogy  of  cyclic  fatigue- 
crack  paths  in  Mg-PSZ.  sfiowing  (n)  an  increasingly  dcflcctcij 
crack  path  in  the  mid-touKhcnco  (MS)  microsiructurc  at  SK  - 
6  MPa  ■  tn  '  compared  to  (b)  an  cssenttajjy  linear  crack  path  in  the 
overaged  material  at  •  2MPa  m'',  Note  the  iransgranular 
fracture  morphology  and  evidence  of  crack  branching  in  the  MS 
microsiructurc.  Arrow  indicates  general  direction  of  crack  growth. 


Kfg.  6.  Ucptcscniative  scanning  electron  micrographs  of  the  nom¬ 
inally  identical  fraciiirc  surface  morphologies  obtained  in  Mg-PSZ 
(MS  grade)  fo(,(n)  oveiload  fracture  under  monotonic  loads  at  aAf  -• 
115  NfPa  pi  and  (b)  fatigue  fraciurc  under  cyclic  loads  at  - 
<1  MPa  in' '.  Note,  in  contrast  to  metals,  the  atssence  of  striations 
or  crack-arrest  markings  on  the  fatigue  fraciurc  surface  Arrow  in 
dicates  general  direction  of  crack  growth 


/C.  =  f  (5) 

h  2Vi 

where  (he  constaiil.-f  is  dc[KiKtcnl  upon  the  shape  of  the  /one 
ahead  of  the  crack  tip  ns  well  as  (he  transformation  strain 
For  a  purely  dilalional  iransforiitation  strum  (i.c..  all 
long-range  shear  strains  relieved  by  twinning)  and  a  frontal 
zone  defined  by  a  contour  of  con.stam  hydrost  itic  stress  in  the 
crack-tip  field,  A  is  equal  to  0.22.'*  The  values  ol  K,  cvntualed 
from  the  four  sets  of  data  in  Fig.  K.  using  Eq.  (.5)  with  F’  ■' 
F./(\  -  I')  =  272  MPa  and  f’  -  t).04.  arc  compared  by  plot¬ 
ting  K,  ns  a  function  of  the  maximum  ttppUed  stress  intensity 
factor,  K  [Km4,  for  cyclic  loading.  K  for  monolonic  loading),  in 
Fig.  9.  For  each  nialcrial,  the  values  of  K,  under  monotonic 
and  cyclic  loading  conditions  arc  consistent  with  (he  relation 


oiJt^ulc  the  (raoihumatimi  /one. ate  ikfwicil  apntoiinutcS  *•> 
the  apphesUirei*  mienviiv  (.ictot.  *  K  '\'  IhctchMc. »(  the 
li(Mi  ol  a  irtliv..it  \irc»5  o.  in  a  given  inoiernl.  then  the  /one  wtiUh  iv 

H  *  \  tlhl  hevotnev  ♦  A  tHel 


K,  *  K  c.xitcctcd  from  Eq.  (l/>)."  Therefore,  if  the  frontal 
zone  sha()cs  and  the  transformation  .strains  z'  arc  the  same 
in  cyclic  and  monotonic  lo.ading.  tlie  micromcchanisms  t>f 
fatigue-crack  advance  clearly  do  tun  involve  a  reduction  in 
transformation-zone  shielding 
A  comparative  a.ssessmeni  ol  the  iransformaiton  strains  m 
monotonic  and  fatigue  loading  can  Ik  obtained  from  optical 
interference  measurements  of  the  surface  uplift  at  the  loca¬ 
tions  from  which  the  Raman  data  of  Fig.  S  were  obtained. 
The  results  plotted  in  Fig.  10  show  differences  (Ktween  the 
four  locations  tiualiiaiively  similar  to  those  of  flic  Raman 
data.  C'omp.’irison  of  the  measured  displacement.  i<o.  adpiccni 
to  the  cracks  with  the  values  of  K,  calculated  Irom  the  Raman 
data.  IS  shown  in  I'ig.  11.  Botli  Ho  and  K,  must  increase  with 
increasing/ and  zone  w  idth.  However,  the  measured  values  of 
till  are  dc(Kndcnt  on  the  Iransfotmalion  strains,  t’.  where.as  a 
consiani  value  ol  r'  was  assumed  m  c.ilculalmg  A,.  There¬ 
fore,  the  data  m  I’ig.  11  wouki  fall  on  different  curves  for 
cyclic  and  monolonic  loading  il  the  transformation  strains  dif¬ 
fered  tor  these  two  loading  conditions  te.g,,  thilcrcni  amounts 


Fl|.7  Experimentally  measured  variation  in  fatigue  crack  clo¬ 
sure  corresponding  to  cyclic  crack-growth  rate  data  at  if  «>  0.1,  for 
the  Kte-PSZ  microstructures  plotted  in  Fig.  3.  Results,  bassd  on 
back-face  strain  compliance  measurements,  show  the  ratio  Kd/Kma 
as  a  function  of  the  applied  stress-intensity  range,  AX. 

of  twinning  resulting  in  different  shear  components  in  a^). 
Since  ai!  of  the  dal<t  fail  on  a  single  curve  within  the  nteasure- 
ment  accuracy,  it  is  concluded  that  the  transfonnation  strains, 
in  cyclic  and  moootonic  loading  do  not  differ  significantly. 

(2)  RoUqf  Environment 

It  has  been  suggested  that  cyclic  fatigue  effects  in  ceramics 
may  be  the  result  of  stress-corrosion  cracking.'  lb  ex¬ 
amine  this  hypothesis,  cyclic  crack-growth  tates  in  the  low- 
''  toughness  AF  material  were  measut^  in  inert  (dehumidified 
nitrogen  gas)  and  corrosive  (distilled  water)  environments;  re¬ 
sults  are  jotted  as  a  function  of  in  Fig.  12.  Growth  rates 
ate  faster  in  moist  room  air  and  water  than  in  inert  nitrogen, 
«  iadteating  a  marked  corrosion-fatigue  effect  which  pre¬ 
sumably  involves  the  weakening  of  atomic  bonds  at  the  c^ 
tip  by  the  adsorption  of  water  moiecutes.  However,  cnck 
growth  is  (4)serv^  in  the  inert  atmosphere,  implying  that, 
analogous  to  behavior  in  metals  and  ctmsUtent  with  tiie  ob¬ 
servations  cited  above,  cyclic  ^tigue  in  the  ceramic  is  e  me- 
chatdcaUy  induced  cyclk  process  which  may  be  accelerated  by 
the  environment. 

Another  om^ison  of  the  effects  of  mechanical  toad  cy¬ 
cling  and  envircnmenully  assisted  crack  growth  is  illustrated 


fig.  I,  Raman  meatuiemcuu  oi  votucoe  of  mittrial  inoifotmed 
from  leingootl  to  monocilnic  phase  in  xottea  adjacent  to  cracks 
grown  undw  both  motioionlc  eixlic  toading  eoedittoat  in  ibe 
mid-  (MS)  and  peak-  (TS)  lougbcncd  materiafi,  u  a  function  of 
distance  a  from  the  crack  pitce. 


Fla.  9.  Estimates  of  the  shielding  stress-intensity  factor,  X^,  cal¬ 
culated  from  Eu.  (S)  for  the  transformation  xones  presented  in 
Fig.  S,  as  a  function  of  the  applied  stnss-intensity  factor,  X.  Values 
of  K,  under  both  monotonic  and  cyclic  loading  are  consistent  with 
the  relation  X>  =  fiX,  where  the  slope  of  the  curve  0  is  dependent 
on  the  material. 


in  Fig.  13  f(»  the  MS  material  tested  in  moist  air.  Cyclic  crack 
velocities,  expressed  in  terms  of  tinw  (da/dt),  are  compared 
with  corresponding  stress-corrosion  crack  velocities  meas¬ 
ured  under  .sustained  loads;  at  equivalent  K  levels  at  this  fre¬ 
quency,  cyclic  crack-growth  rates  are  up  to  7  esdera  of  magni¬ 
tude  faster  (or  at  e^valent  velocities,  Kmu  is  smaller  by 
about  40%  for  cyclic  loading). 

It  would  thus  a]^r  that  nonconservative  estimates  of  the 
subcritlcal  advance  of  incifaent  cracks,  and  serious  overesti¬ 
mates  of  lifetimes,  may  result  if  defect-tolerant  predictions  are 
based  soldy  on  sustained-load  (stress-corrosion)  and  fractuie- 
toughness  data  ami  do  am  cosisider  a  cyclic  taiJgue  effect. 


Diatanca  (raim  Crock  Plana,  X  (inm) 

Ftg.Ik.  Variation  in  surface  uptifi  niiplaccacai,  u*.  adjacent  to 
erteki  ti  calculated  from  optical  fetcffereace  neasuieitieou,  thow- 
ing  qutliuiively  timtlar  dlifereacea  between  the  four  locttionr  u- 
teuM  using  Racian  ^JCCtroscopy  shown  tn  Fig.  8. 
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Fig.  H.  Comparison  of  the  surface  uplift  displace¬ 
ments,  Uo,  immediately  adjacent  cracks,  with  the  values 
of  K,  calculated  from  the  Raman  data,  for  cracks  grown 
under  monotonic  and  cyclic  loading  conditions.  The  re¬ 
sulting  linear  relationship  implies  that  the  transforma¬ 
tion  strains  under  cyclic  and  monotonic  loading  do  not 
differ  significantly. 

(3)  Role  of  Through-Thickness  Constraint 
Recent  work‘*  on  /?-curve  behavior  in  Mg-PSZ  has  indi¬ 
cated  an  important  effect  of  test-piece  thickness  on  the  frac¬ 
ture  toughness.  Specifically,  the  plateau  toughness  was  22% 
higher  and  the  slope  of  the  R-curve  steeper  in  samples  with  a 
thickness  of  4  mm  compared  to  1  mm.  This  trend  is  opposite 
to  that  accompanying  the  transition  from  plane  stress  to 
plane  strain  in  metals,  where  the  toughness  decreases  with  in- 


Fig.  12.  Cythc  f.iliguc-ctack  growth  rale*.  lio/tlN,  as  a 
function  of  the  applied  strc.ss  intensity  range.  SK,  in  low 
toughness  (AF)  Mg  f’SZ  in  dry  nitrogen  gas.  room  air.  and 
distilled  water  environments,  showing  an  acceleration  In 
i  r  '.vi'i  r  ile  ,  .'  it  >0  w,)ier  vapor  r('f  >  tests  were  performed 

:  ■  .  ,  ,  I  . ;  I  ,  ,J  .  r*  r.  . 


Fig.  13.  Subcritical  crack-growth  behavior  in  mid-toughness 
(MS)  Mg-PSZ,  showing  a  comparison  of  crack  velocities 
da/dt,  as  a  function  of  K„u,  measured  under  monoionic  and 
cyclic  loading  conditions  in  a  moist  air  environment.  Note 
how  the  cyclic  crack  velocities  are  up  to  7  orders  of  magni¬ 
tude  faster  at  equivalent  stress-intensity  levels. 

creasing  thickness,  but  is  consistent  with  expectations  for 
shielding  due  to  transformation. 

To  examine  whether  such  through-thickness  constraint 
effects  are  important  in  influencing  fatigue  behavior,  cyclic 
fatigiie-crack  growth  rates  and  /^-curves  were  measured  using 
C(T)  specimens  of  the  TS-grade  material**  with  thicknesses  of 
1.5  and  7.8  mm  (Fig.  14).  The  Kc  fracture-toughness  values 
are  larger  in  the  thicker  specimens  by  approximately  9% 
(Fig.  14(a)).  However,  no  significant  difference  in  the  cor¬ 
responding  fatigue-crack  propagation  rates  was  detected 
(Fig.  14(b)). 

(4)  Role  of  Variable-Amplitude  Loading 
The  results  described  above  pertain  to  constant-amplitude 
cyclic  loading;  to  examine  the  influence  of  variable-amplitude 
loading,  single  and  block  overload  sequences  were  aj^l: 
during  steady-state  fatigue-crack  growth  in  the  MS-  anu 
TS-grade  materials.  Results  for  high-low  and  low-high  block 
overloads  in  mid-toughness  (MS)  material  are  shown  in 
Fig.  15.  Over  the  first  -2.5  mm  of  crack  advance,  the  crack- 
growth  rate  remains  approximately  constant  at  constant 
A/C(=5.48  MPa-m''^).  On  reducing  the  cyclic  loads  so  that 
bK  =  5.30  MPa  ■  m'"  (high-low  block  overload),  a  transient 
retardation  is  s«n  followed  by  a  gradual  increase  in  growth 
rates  until  the  (new)  steady-state  velocity  is  achieved.  Simi¬ 
larly,  by  subsequently  increasing  the  cyclic  loads  so  that 
bK  =  5.60  MPa  •  m*'*  (low-high  block  overload),  growth  rates 
show  a  transient  acceleration  before  decaying  to  the  steady- 
state  velocity.  Such  behavior  is  analogous  to  that  widely  db- 
served  in  metals,**  where  to  the  first  order  the  crack-growth 
increment  affected  by  the  overload  is  comparaMe  with  the  ex¬ 
tent  of  the  overload  plastic  rone.  In  the  present  experimenis, 
the  affected  crack -growth  increments  are  ~500Mm,  approxi¬ 
mately  5  times  the  measured’*"  transformed  tone  width  of 
"-85  to  108  /int.  This  is  consistent  with  zone-shielding  cal¬ 
culations  in  which  the  maximum  steady-state  shielding  is 
achieved  after  crack  extensions  of  approximately  5  times  the 
zone  width.’*” 

Similar  crack-growth  retardation  following  a  high-low 
bkKk  overload  (A  AT  =  9  .5  to  8.5  MPa  m"’)  is  shown  for 


"A*  TS  maicruh  art  «(e  M  foom  icfnnetMnfc.  re in 
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(b) 

Flf.  |i  Effect  of  ihrouch'tbickDeu  constniot  on  (a)  Kni&a)  frac- 
lure-touxbneta  reiUtaoce  curvea  and  (U  cvcllc  fatigue-crack 
ptopafaltoa  behavior  in  bl|h-touahiKta  <TS)  M|-PSZ,  teated  in  a 
room-air  environment-  Note  the  ni|her  toughneu,  yet  reiatively 
unaffected  crack-growth  ratea,  in  the  7.8H&m-ihick  C(T)  aampie, 
compared  to  the  rs-nun-thick  aampie. 

peak-tougbneaa  Mg-PSZ  in  Fig.  lS(b);  in  addition,  significant 
retardation  can  be  seen  following  a  tingle  (ensile  overload  to 
a  K«u  of  12.3  MFa  ■  Such  results  can  be  rationaltzed  in 
terms  of  changes  in  crack-tip  shielding  from  the  transforma¬ 
tion  lonc.*’ 


IV.  Madtaalaatsof  CjclkFatigiia 

Mechanisms  of  fatigue  crack  growth  may  be  conveniently 
clattiOed  into  two  catqtodes;  iniriiulc  mechanisms  where  the 
unloading  portion  of  the  remits  in  enhanced  micio- 
stnictuial  “damage”  ahead  of  the  oack  tip  (at  in  metals),  and 
extrituic  mecbanitmt  where  the  unloading  acts  to  diminish 
the  effect  of  a  cndc4{p  shielding  proceu,  tbei^y  increatii^ 
the  near-tip  stress  intensity  compared  to  equivalent  mooo- 
tonlc  loading  conditions,  to  Itantformiog  cetamict,  such  an 
extrinsic  mechanism  could  result  from  a  reduction  ot  the  de¬ 
gree  of  uantfonnalion  toughening  under  cyclic  loading,  re- 


Crack  Exttnalon.  6a  imm) 

(b) 

Ftf.  15.  Ttantieot  fatiaue-crack  growth  behavior  iu  (a)  rald- 
lougbttcu  (MS)  and  (b)  petk-toughMat  (TS)  due  to 

varfmie-u^ltude  cyclic  loads,  showing  immediate  crack-growth 
retardatloos  fotlowlog  high-low  block  overloads,  immediate  aced- 
erttloiu  foUowiog  tow-high  block  overtoadi,  and  delayed  retarda- 
lioo  following  a  lingle  tensile  overload. 


suiting  from  changes  in  the  process-zone  roorpht^y,  cyclic 
accommodatioa  of  the  transfoemstion  strains  (related  to  the 
type  of  martensitic  twin  variants  that  form),  or  changes  in  the 
degree  of  reversibility  of  the  tiansformation.  Alternatlveiy,  if 
bridging  by  frictiooal^geometrical  interloching  of  micioctnic- 
tunuly  roi^  fracture  surfaces**^  conlribites  significantly  to 
the  tou^oesa,  cyclic  loading  may  result  in  progrossive  d^- 
datioo  ^  the  bridging  zone. 

In  the  oresent  stu^,  however,  several  observations  argue 
against  sudi  ncchanistm,  and  suggest  instead  that  an  intrii^c 
mechanism  is  responsible  for  fatigue-ctack  growth  in  Mg-PSZ. 
The  most  compeUiira  evidence  is  that  crack  growth  under 
cyclic  loading  is  exhibited  by  the  ovenged  mat^al  in  which 
stresa-induced  transformation  cannot  occur.  Moreover,  the 
crack-growth  ratea  in  all  the  materials  can  be  shown  to  be 
uniquely  related  to  the  local  (isear-tip)  stress-intensity  range, 
AXu;,  regaidlesi  of  the  degree  of  innstMmalioo  lougbenim. 
EvaloatiM  of  Alf,^  must  include  the  effects  of  both  zone 
shielding  and  premature  end:  closure  due  to  contact  of 
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asperities.”  The  maximum  and  minimum  near-tip  stress- 
intensity  factors  are  related  to  the  corresponding  far-Seld 
appiied  (measured)  values,  Kmtx  and  Ktt  (using  Eq.  (la)): 

{K^)^  =  K^-K.  (6) 

(ICapU  =  Ka-K,  (7) 

K,  is  assumed  to  remain  constant  during  unloading  and  was 
shown  in  Section  LU(1)  to  be  given  by 

K,  =  (8) 

where  ^  is  a  constant  for  a  given  material. 

Equation  (7)  requites  Ktt  ^  K„  that  is,  in  the  absence  of 
roughness-induced  closure,  the  transformation  shielding 

causes  crack-tip  closure  axKti  =  K„  whereas  the  presence  of 

sufficiently  large  roughness  effects  could  cause  contact  be¬ 
hind  the  crack  tip  at  larger  values  of  Ka-  However,  the  closure 
stress  intensity  factors  from  I^.  7  (measured  from  point  (A) 
of  the  compliance  curve  of  Fig.  1(b))  are  smaller  than  the  cor¬ 
responding  values  of  K,  in  Fig.  9.  This  suggests  that  the  values 
in  Fig.  7  lepreseut  roughness-induced  contact  well  behind  the 
crack  tip,  at  a  lower  af^lied  load  than  that  which  allows  ini¬ 
tial,  near-tip  closure.  Closer  examination  of  the  present  un- 
loa^ng  compliance  curves  reveals  a  marginal  change  in 
linearity  after  unloading  ~20%  to  30%  from  the  maximum 
load  (point  (B)  in  Fig.  1(b)).  Such  behavior  is  consistent  with 
the  notion  that,  during  unloading,  crack-surface  contact  oc¬ 
curs  first  over  a  short  distance  (of  the  order  of  micrometers) 
behind  the  crack  tip,*”  before  roughness-induced  crack  con¬ 
tact  over  the  remaining  crack  surfaces.  Esthnatlon  of  the  clo¬ 
sure  stress  intensities  from  these  higher  closure  toads  yields 
Kd  values  within  5%  of  K„  Therefore,  it  appears  that  initial 
tip  closure  occurs  at  /m  and  the  ti^stress  intensity 
taagc  is  given  by 

A/fu,  =‘K„„-K.  (9) 

The  crack-growth  rates  for  all  materials  ate  plotted  in 
Fig.  16(a)  in  terms  of  evaluated  from  Eq.  (9),  with  K, 
obtained  from  Eq.  (8).  All  data  fall  close  to  a  unive^  curve 
of  the  form 

dtt/dN  «  A(&K^  (10) 

where  «  »  22  and  A  »  3.5  x  W”  ra''-'^‘cycle-'  MPa"*. 

The  growth-rate  data  may  be  normalized  equivalently  in 
terms  or  the  steady-state  toughness,  Kt,  This  may  be  readily 
demonstrated  by  noting  that  K,’‘Ko  +  K„  where  Ao  is  the 
intrinsic  toughness  (without  transformation  shielding),  from 
which  K,  «  Kt/(l  -  0)  (tom  Eq.  (8).  With  this  icsult,  Eq.  (9) 
can  be  written 

A/fu, «« 
or 


where  bK  X^(l  -  R),  and  Eq.  (11)  becomes 


According  to  Eq.  (12),  a  universal  curve  is  obtained  by  shift¬ 
ing  the  for  each  rnaterial  in  Fig.  3  along  the  AK  axis  by  a 
coDSiant  Quiltiplyuig  factor.  Ko/[fC(i  "  The  toult  of 


’’WMtc  ttw  nuMlp  ttrcM-lAUftiltr  rtiif«  <*  Mtlmited  by  eoMtdcrias  ilw 
(tfcct  otcmk  clewrc  Miy,  iXa,  ii  commooly  tet«tt«d  to  in  the  fiUau«  Iti- 
crttun  tt  SKer,  u  defiiicd  In  Section  If. 

'"Note  thti  mtcfoicoplc  bnck-tKe  ilttin  cotnplitnce  tecknlquci  for  de- 
icctlnfctKk  cloture  ite  |lob«l  in  niiure  ind  me  tKX  peiticuUiiy  feotitive 
10  locti  crack-iutfece  cooinct  occarrini  near  (be  crick  lip. 


Normalized  Stress  Intently  Range,  AK/K^ 


(b) 

ng.  Id.  Cyclic  ftil|ue-crack  irowth  rates  for  Mg-FSZ  In  the  tour 
touthneu  coadltiotti  plotted  as  a  function  of  (a)  oK^  from  Eq.  (19), 
atuffb)  the  oormaltzM  stteii-iatensily  taage,  MC/K,. 

normalizing  the  data  in  this  manner  is  shown  in  Fig.  16(b). 
An  analq^Mis  result  for  envito&mealaJly  assisted  crick 
growth  has  been  discussed  by  Lawn.’^ 

The  Raman  and  surface-uplift  measurements  of  Section  ill 
further  support  the  contention  that  trinsfcrmation-zone 
shielding  is  not  affected  by  the  cyclic  nature  of  .he  loading. 
Specifically,  the  results  in  Figs.  9  and  li  indicate  that  for 
steady-state  crack  growth  under  cyclic  or  roonotonic  loading, 
K,  is  determined  by  the  maximum  applied  stiess-iotensit)'  fac¬ 
tor  (Eq.  (7)}.  Although  these  resuttt  pertain  only  to  the  con¬ 
tribution  to  K,  from  the  wake  region  of  the  zone  (detailed 
comparisons  trf  frontal  zones  have  not  yet  been  completed), 
preliminary  estimates  indicate  that  the  frontal  zone  in  fatigue 
loading  would  need  to  be  enlarged  by  a  factor  of  4  coin|nted 
with  that  in  monotonic  loading  in  order  to  nudie  a  signifkant 
difference  to  the  above  conclusions. 

Potential  intrinsic  mechausims  of  fatigue  include  accumu¬ 
lated  damage  in  material  ahead  the  crack  tip  in  the  form 
df  localized  microplastkity,  or  microciacking,  particularly  in 
grain  boundary  and  pr^pitate/maltix  intenace  regions. 
Matrix  microcracking  associated  with  (he  formation  (tf  tnns- 
foraiation  shear  bands  has  also  been  suggested.”  Such 
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microcracking  could  be  enhanced  by  the  cyclic  movement  of 
twin  boundaries  in  transformed  monoclinic  particles  in 
response  to  cyclic  loading.  In  fact,  cyclic  stress  vs  strain  (hys¬ 
teresis)  behavior  has  b»u  demonstrated  for  several  trans¬ 
forming  zirconia  materials.^’  Other  mechansims  may  include 
Mode  II  and  III  cracking,  due  either  to  the  wedging  action  of 
crack-surface  asperities  on  unloading  or  to  changes  in  the  lo¬ 
cal  stress  state  induced  by  Mode  I  opening  on  the  loading  cy¬ 
cle.  In  addition,  crack  extension  during  loading  may  permit 
relaxation  of  residual  stresses  in  specifically  orientated  grains, 
with  subsequent  development  of  addition^  tensile  and  shear 
stresses  upon  unloading  because  of  the  inability  of  the  relaxed 
grains  to  be  accommodated  in  their  original  positions.^"’’ 
These  effects  are  likely  to  be  a  strong  function  of  residual 
stress  states  arising  from  thermal  expansion  anisotropy  (in 
noncubic  systems),^elastic  anistropies  of  the  grains,’’  and  the 
nature  of  cyclic  accommodation  of  the  transformation  strains 
when  these  are  present  in  the  material. 

V.  Implications  for  Design 

The  results  of  this  work  provide  evidence  of  the  premature 
failure  of  zirconia  materials  under  tension-tension  cyclic 
loading.  In  engineering  design  with  ceramics,  however,  such 
cyclic  fatigue  phenomena  have  been  rarely  considered.  With 
the  damage-tolerant  approach,  for  example,  component  life¬ 
times  are  predicted  on  the  basis  of  fracture-toughness  and 
subcritical  crack-growth  behavior  (i.e.,  stress-corrosion  and 
creep  data)  determined  under  monotonic  loads.  In  view  of  the 
high  cyclic  crack  velocities  observed,  far  in  excess  of  those 
under  sustained  loads  at  equivalent  stress-intensity  levels,  and 
the  occurrence  of  fatigue-crack  growth  at  stress  intensities  as 
low  as  50%  of  Kt,  the  results  of  the  present  study  imply  that 
ignoring  cyclic  fatigue  in  design  and  life  prediction  may  have 
dire  consequences. 

For  design  procedures  based  on  crack  propagation,  as  in 
many  safety-critical  applications  involving  metallic  compo¬ 
nents,  allowance  for  the  cyclic  fatigue  effect  can  be  achieved 
by  estimating  the  time  to  grow  preexisting  defects  to  critical 
size  through  integration  of  the  cyclic  fatigue-crack  growth  re¬ 
lationship  (e.g.,  Eq.  (4)).  However,  with  the  very  high  expo¬ 
nents  (m)  and  resultant  extreme  sensitivity  of  the  projected 
'ifetime  to  the  applied  stresses  (albeit  over  only  a  narrow 
range  of  stress),  this  may  not  be  a  sensible  approach.  More¬ 
over,  the  transient  effects  demonstrated  in  Fig.  15  imply  that 
Eq.  (4)  is  adequate  only  for  constant  AAf  loading:  in  general, 
the  fatigue-crack  growth  relationship  (and  hence  lifctintc)  is 
dependent  upon  loading  hintory  os  well  os  the  instantaneous 
hk.  A  more  practicable  approach  may  be  to  base  design  on 
crack  Initiation,  with  allowance  being  made  for  the  existence 
of  a  cyclic  fatigue  threshold  for  crack  growth  as  low  as  -50% 
of  the  fracture  toughness.  However,  it  must  be  noted  that,  in 
ceramic  components,  subcritical  crack  growth  and  subsequent 
instability  may  involve  very  small  cracks.  Since  it  is  well- 
known  for  metallic  materials  that  such  ‘^lall"  (sSOO^m) 
cracks  may  preoagate  at  rates  significantly  faster  than  those 
of  '’long"  cr^s  (e.g..  Kefs.  46  and  73),  it  is  vital  that  future 
studies  on  ceramics  address  the  role  of  crack  size  in  influenc¬ 
ing  cyclic  behavior. 

VI.  Conclasloas 

Based  on  a  study  of  the  growth  of  fatigue  cracks  in  Mg-PSZ 
“..mics  under  tension-tension  cyclic  loads,  the  following 
r  w  >’  isions  can  be  drawn: 

..  Patigue-crack  growth  in  overaged  and  partially  stabi- 
.zed  (transformation-toughened)  zirconia  is  unequivocally 
demonstrated  to  be  a  mcchantc^ly  induced  cyclic  process, 
which  is  accelerated  in  moist  air  and  distilled  water  environ¬ 
ments.  Growth  rates  (da/dAf)  can  be  described  in  terms  of  a 
power-law  function  of  the  stress-intensity  range  (d/f).  with 
an  exponent  m  in  the  range  of  21  to  42. 


(2)  Resistance  to  cyclic  crack-growth  increases  when  the 
frittture  toughness  (Kc)  of  Mg-PSZ  is  increased;  the  apparent 
threshold  for  fatigue-crack  growth  ih.Km),  below  which 
cracks  are  presum^  dormant,  is  approximately  50%  of  Kc. 

(3)  Cyclic  crack  growth  in  ceramics  shows  evidence  of 
crack  closure  in  addition  to  other  crack-tip  shielding  me¬ 
chanisms  (crack  deflection,  uncracked  ligament  bridging, 
transformation  toughening).  Moreover,  when  subjected  to 
variable-amplitude  cyclic  loading,  fatigue  cracks  in  Mg-PSZ 
experience  transient  crack-growth  retardation  immediately 
following  high-low  block  overloads,  transient  acceleration  im¬ 
mediately  following  low-high  block  overloads,  and  delayed 
retardation  following  single  tensile  overloads.  Such  behavior 
is  analogous  to  that  commmily  reported  for  metallic  materials 
and  consistent  with  expectations  of  crack-tip  shielding  due  to 
transformation. 

(4)  Cyclic  crack  velocities  in  Mg-PSZ  are  found  to  be  up 
to  7  orders  of  magnitude  faster,  and  threshold  stress  intensi¬ 
ties  almost  40%  lower,  than  stress-corrosion  crack  velocities 
measured  in  identical  environments  under  sustained-loading 
conditions.  Such  observations  may  have  serious  implications 
for  defect-tolerant  life  predictions  in  zirconia  ceramics. 

(5)  Although  the  detailed  mechanism  of  cyclic  fatigue- 
crack  growth  has  not  been  identified,  an  intrinsic  mechanism 
is  implicated  by  several  observations;  that  is,  the  mechanism 
does  not  appear  to  involve  cyclic  reduction  in  the  d^ree  of 
transformation  toughening. 
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Recovery  of  Crack>Tip  Transformation  Zones  in  Zirconia 

After  High-Temperature  Annealing 
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Annealing  at  temperatures  between  500*  and  1000*C  re¬ 
verses  the  stress-induced  tetragonal-to-monoclinic  phase 
transformation  in  precipitates  within  crack-tip  tones  In 
MgO-partiaiiy-stabilized  ZrOi  (Mg-PSZ).  The  stability  of 
such  reverse-transformed  tetragonal  precipitates  during  sub¬ 
sequent  room-temperature  aging  has  been  examined  using 
Raman  spectroscopy,  surface  displacement  measurements, 
and  crack-opening  measurements.  Partial  spontaneous  re¬ 
transformation  of  material  within  the  original  zone  from 
tetragonal-to-monoclinic  symmetry  occurred  over  periods  of 
several  months.  (Key  words:  zirconia,  partially  stabilized 
(PSZ),  magnesium,  crack  tip,  transformations,  annealing.] 

1.  Introduction 

Recbnt  studies  have  shown  that  large  residual  crack  open¬ 
ings  are  associated  with  the  presence  of  transformation 
zones  surrounding  cracks  in  MgOpartially^siabilized  ZrO: 
(Mg-PSZ).'-’  The  residual  opening  is  a  result  of  the  dilatation 
associated  with  the  stress-induced  tetragcmal-to-monoclinic 
transformation,  which  causes  both  wedging  near 
the  tip  of  the  crack  and  bending  of  the  arms  of  fracture- 
mechanics  test  specimens.  The  magnitude  of  the  residual 
opening  is  dependent  on  the  toughness  of  the  material,  the 
s^imen  geometry,  and  the  size  and  growth  history  of  the 
crack.'  The  opening  is  largest  in  high-toughness  materials 
and,  if  the  crack  bi^ins  with  no  transformation  zone,  in¬ 
creases  with  crack  extension.  Removal  of  the  transformation 
zone  by  cutting  along  the  crack  with  a  saw  blade  eliminates 
the  residual  opening  displacements,  as  does  annealing  in  the 
temperature  range  SOO*  to  IOOO*C  for  times  as  short  as 
20  min.' 

This  last  observation  provides  evidence  that  heat  treatment 
in  this  temperature  range  causes  the  reverse  monociinic-to- 
tetragonal  (m  -•  0  transformation.  In  (his  paper,  we  use 
several  techniques  to  examine  the  subsequent  stability,  at 
room  temperature,  of  precipitates  within  such  a  zone  that  had 
undergone  transformation  to  tetragonal  symmetry  during  heat 
treatments  at  600*  and  800*C.  During  this  room-temperature 
aging,  complete  recovery  of  the  original  residual  crack- 
opening  displacement  occurred,  whereas  only  partial  recovery 
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was  observed  in  surface  uplift  and  monoclinic  content  (as  de¬ 
termined  by  Raman  spectroscopy). 

II.  Experimental  Procedure 

The  material  examined  was  a  commercial  9-mol%-Mg-PSZ 
(MS  grade  Mg-PSZ,  Nilcra  Ceramics,  Ltd.,  Victoria, 
Australia)  that  had  been  heat-treated  by  ts  at  1100*C  for 
20  min  (subcutectoid  aging’'*)  to  promote  ready  transforma¬ 
tion  of  tetragonal  precipitates  to  monoclinic  symmetry  and, 
thus,  formation  of  large  transformation  zones  around  cracks. 
The  specimen  geometry  and  loading  conditions  used  to  intro¬ 
duce  cracks  are  described  in  detail  elsewhere.'-’  A  “short 
DCB“  specimen'  was  polished  on  one  side  and  notched  using 
a  100-pm-thick  saw  blade.  After  loading  to  form  a  stable 
crack,  the  specimen  was  unloaded  and  annealed  at  I000*C  to 
retransform  any  material  that  had  transformed  to  monoclinic 
symmetry  back  to  the  tetragonal  structure,  then  reloaded  to 
grow  the  crack  a  further  4  mm.  During  reloading  the  meas¬ 
ured  fracture  resistance  increased  from  an  initial  value  of 
-II  MPa  •  m"*  to  -IS  MPa  •  m"*,  after  -2  mm  of  crack  exten¬ 
sion  (R-curve  behavior),  and  remained  constant  thereafter. 

The  transformation  zone  was  then  characterized  using  sev¬ 
eral  methods.  The  residual  crack  opening  was  measured  at 
(wo  locations'.  (I)  the  root  of  the  notch  and  (2)  along  the  load¬ 
ing  line  15  mm  from  the  notch  root.  Raman  spectrosT-opy*"* 
was  used  to  measure  the  fraction  of  monoclinic  phase  as  a 
function  of  distance  from  the  crack  plane  at  several  locations 
behind  the  crack  lip.  Finally,  from  optical  interference  micro¬ 
graphs  of  the  polished  specimen  surface,  the  out-of-f^ane  dis- 
^acements  due  to  the  transformation  zone  were  measured  in 
the  region  surrounding  the  crack.*'” 

The  specimen  was  then  annealed  at  GOO’C  for  20  min,  and 
the  measurements  were  repeated  7  d  after  cooling.  The  speci¬ 
men  was  annealed  again  at  SiXTC  for  20  min,  and  the  meas¬ 
urements  were  repeated  17  d  later.  These  results  indicated 
that  partial  recovery  of  the  transformation  zone  had  occurred. 
Therefore,  to  characterize  the  effect  systematically,  the  speci¬ 
men  was  annealed  again  at  800*C  and  the  measurements  were 
repealed  at  various  intervals  during  the  succeeding  IS  mooitu. 

111.  Results 

Both  Raman  spectroscopy  and  measurements  of  surface 
uplift  indicated  that  a  transformation  zone  with  dimensions 
approximately  as  shown  in  Fig.  1  surrounded  the  crack  in  its 
initial  state.  The  zone  width  increased  over  the  first  2  mm  of 
crack  growth  corresponding  to  the  measured  increase  in  crack 
resistance  uitd  consiste.n  with  previous  observations  of  zone 
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Fig.  !.  Schematic  diagram  of  (a)  test  specimen  and  (b)  crack 
geometry  showing  dimensions  and  shape  of  transformation  zone. 

development  in  nominally  identical  mate'ial.''  Measurements 
of  the  surface  uplift  and  the  fraction  of  monoclinic  phase 
along  a  line  normal  to  the  crock  within  the  steady-state  re¬ 
gion,  as  indicated  in  Fig.  1,  arc  shown  in  Fig.  2.  These  arc 
also  simiiar  to  previous  observations.'' 

The  variation  of  the  crack-opening  displacement  at  the 
notch  root  during  the  sequence  of  room-temperature  aging 
and  repealed  annealing  is  shown  in  Fig.  3.  After  the  flrst  an¬ 
neal  at  600*C,  the  dis^acement  w.  educed  from  the  initial 
value  of  54  /jim  to  3S  Mnti  consistent  with  results  in  Ref.  1.  The 


DISTANCE  FROM  CRACK  (mm) 

(a) 


specimen  was  then  annealed  at  SOOT  and  left  for  17  d  at  room 
temperature,  whereupon  the  displacement  had  incttojtd  to 
SO  pm,  close  to  its  original  value.  Immediately  after  the  sec¬ 
ond  800’C  anneal,  the  displacement  was  reduced  to  29  pm. 
Measurements  at  regular  intervals  during  room-tcmpcraturc 
aging  over  the  next  17  months  (Fig.  3)  showed  that  the  resid¬ 
ual  crock-opening  displacement  completely  recovered,  the  re¬ 
covery  beipg  most  rapid  during  the  first  several  days. 

Interference  measurements  of  the  surface  uplift  along  the 
line  OY  normal  to  the  steady-state  crack  of  Fig.  1  are  shown 
in  Fig.  2(a)  for  several  stages  during  the  room-temperature 
aging.  Corresponding  measurements  of  the  volume  fraction 
of  monocllnic  phase  by  Raman  spectroscopy  arc  shown  in 
Fig.  2(b).  Both  measurements  indicated  that  most  of  the 
transformation  zone  was  eliminated  after  annealing  at  bOOXT, 
consistent  with  the  observed  reduction  in  residual  crock  open¬ 
ing.  The  subsequent  surface  uplift  measurements  provided 
clear  evidence  that  partial  recovery  of  dilatation  within  the 
original  zone  (associated  with  the  r  -*  «  transformation) 
occurred  qxmtancously  during  ruom-tcmpcraiure  aging.  The 
Ramati  results  also  suggested  that  some  forward  t-*m  trans¬ 
formation  occurred  during  aging.  However,  the  results  were 
ftot  as  clear  In  this  case  because  of  microstruciunl  nonuni¬ 
formity;  the  Raman  measuremems  indicated  that  the  volume 
fraction  of  monocllnic  phase  varied  from  grain  to  grain  (i.c., 
over  distances  of  •SO  pm)  by  up  lo  O.OS,  as  in  measurements 
reported  ptevioosly  in  a  similar  material.'’  The  data  for  each 
scan  arc  lepteicnicd  In  Fig.  2(b)  by  a  smoothed  curve  with 
the  "error  bars"  indicating  this  iO.(l2S  fluctuation.  Moreover, 
with  the  badtground  uAtractioo  method  used  in  analyzing 
the  data,  the  smoothed  curves  in  Fig.  :{b)  arc  true  represen¬ 
tations  <rf  the  decrease  In  locally  averaged  mtHioclinic  content 
along  a  given  scan,  but  there  is  an  crn*r  .d  2«.02S  in  the 


DISTANCE  FROM  CRACK  (mm) 

(b) 

Ha.  2.  (t)  Out-of-piane  surface  displaccmenu  along  the  li 
Ox  in  Fit.  1(b).  Measufcmcnii  from  optical  interference  mlct 
graphs,  (b)  Volume  fraction  of  monocllnic  phase  along  (he  OY 
rig,  1(b).  Measui  menis  from  Raman  spectroscopy.  Curves  a 
smoothed  representations  of  uans  which  showed  local  fluctuitio 
of  £0.025  in  the  friction  of  monoelinic  phase  (indicated  by  t 
error  bats)  over  a  scale  of  '-SO  pm. 


fnue/OAvs)'’* 

Fig.  3.  Residual  crack-opening  displacements  measured  at  (I 
root  of  the  notch  in  Fig.  I  after  various  sequences  of  bigb-tempei 
lure  annealing  and  room-icmpcralure  aging. 


absolute  values.  Thus,  to  allow  comparison,  the  curves  in 
Fig.  2(b)  were  shifted  vertically  to  coincide  in  the  region  far 
from  the  cracic. 

The  results  in  Figs.  2  and  3  suggest  a  correlation  between 
the  recovery  of  the  residual  crack-opening  displacement  and 
the  retransformation  of  material  within  the  original  crack-tip 
zone  to  monoclinic  symmetry.  However,  the  magnitudes  of 
the  relative  recovery  of  the  surface  uplift  and  the  Raman  sig¬ 
nal  arc  both  much  smaller  than  the  relative  recovery  in  crack 
opening.  After  !7  months  the  recovery  in  crack-opening  dis¬ 
placement  was  complete,  whereas  less  than  one-half  of  the 
original  surface  uplift  adjacent  to  the  crack  was  recovered, 
and  the  increase  in  the  fraction  of  monoclinic  phase  in  regions 
around  the  crack  (compared  with  those  remote  from  the 
crack)  was  smaller  than  it  was  before  annealing. 

To  test  whether  this  apparent  discrepancy  arises  because  of 
differences  in  the  transformation  zone  at  the  surface  of  the 
specimen  and  in  the  bulk,  the  specimen  was  sectioned  and 
polished  parallel  to  the  line  OY  in  Fig.  1(b),  along  which  the 
Raman  and  surface  uplift  measurements  had  been  made.  The 
Raman  measurements  were  then  repeated  along  lines  on  this 
new  surface  parallel  to  OY  and  corresponding  to  different 
depths  in  the  original  specimen.  The  resultant  zone  profiles 
did  not  differ  significantly  from  that  measured  at  the  speci¬ 
men  surface. 

IV.  Discussion 

I'he  measurements  of  the  previous  section  suggest  that, 
whereas  annealing  of  Mg-PSZ  at  WOf  to  800'’C  causes  the  re¬ 
verse  m  -♦  I  transformation,  and  thus  removal  of  the  transfor¬ 
mation  zone  surrounding  a  entek,  subsequent  aging  at  room 
temperature  without  any  applied  stress  causes  partial  retrans¬ 
formation  of  some  precipitate, s  within  the  original  zone  to 
monoclinic  symmetry.  This  implies  that  defects  associated 
with  the  forward  stress-induced  mat«(n.jilic  transformation 
must  remain  after  annealing  in  order  to  provide  nucleation 
sites  (or  driving  forces)  for  retransformation.  Microcracks, 
which  are  known  to  accompany  the  transformation  of  te¬ 
tragonal  precipitates  to  monoclinic  symmetry  in  this  and 
other  transformation-toughened  ZrO-  materials."  arc  a  likely 
source  of  such  defects.' 

The  overall  macroscopic  shape  change  of  the  $)Kcimcn.  as 
characterized  by  the  residual  crack-opening  displacement,  is 
simitar  to  that  of  a  two-way  shape  menuKy  effect,""  albeit 
with  an  activation  barrier  to  the  transformation  that  occurs 
after  coding.  However,  the  craek-opening  displacement  mca.s- 
urements  alone  do  not  necessarily  imply  a  true  shape  mentory 
effect  (which  requires  recovery  of  shtar  strains")  in  the  ma¬ 
terial.  since  the  observed  di,^)(accmenl  variations  could  be 
induced  by  purely  hydrostatic  transformation  strains  within 
the  confines  of  the  crack-tip  zone.  However,  complete  recov¬ 
ery  of  the  residual  crack  opening  in  this  case  would  require 
complete  recovery  of  the  transformation  within  the  zone, 
contrary  to  the  o^rvations  from  Raman  spectroscopy  and 
interference  microscopy.  Therefore,  the  shape  strains  associ- 


'We  hive  itiofCAtiikted.  iitd  (etecntl,  the  pouitNti<]r  ihii  tcfeotiencr- 
lied  (txxfi  ot  ittoctiied  with  the  fiiie  ctick-iip  nievvct.  tuch  n  diOoei- 
lloni.  ini(hl  be  Invotved  in  the  llinttodnition  duTiRf  loofli-Kniperiivie 
•I Inf.  No  tuch  diUocitioot  hive  ever  been  otxerved  in  the  eiteciive  TEM 
Uttdtci  lUBifcnBilion-tw^iveotd  ZiOt  mtetuli. 


ated  with  the  initial  strcs.s-induccd  tran.sformation  appear  to 
be  different  from  those  associated  with  the  thermal  transfor¬ 
mation  occurring  after  subsequent  annealing  cycles— a  given 
extent  of  transformation  during  crack  growth  causes  less 
residual  opening  than  the  same  amount  of  transformation 
during  room-temperature  aging.  This  could  occur  because  of 
a  directional  bias  impo.scd  by  the  crack-tip  stress  field  on  the 
shape  strain  of  individual  precipitates.  Such  bias  would  be 
absent  during  the  transformation  that  occurs  during  aging. 

The  isothermal  character  of  the  transformation  occurring 
during  room-temperature  aging  is  also  interesting.  Previc'.'s 
examples  of  isothermal  room-temperature  transformation  in 
ZrO:  alloys  have  been  noted  (Mg-PSZ,  Ref.  5  and  Ca-PSZ, 
Ref.  16).  In  all  cases,  autocatalytic  nucleation  appears  to  be 
involved.'*  Unfortunately,  the  precipitates  in  these  “super- 
tough”  ZtOj  materials  are  so  transformable  that  transmission 
electron  microscopy  is  not  useful  to  study  this  phenomenon- 
parasitic  stresses  occurring  during  foil-making  cause  transfor¬ 
mation  of  any  untransformed  particles.  However,  this  subject 
is  certainly  worthy  of  further  study. 
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Receat  evidence  is  summarisEed  sho^ng  that  the  tetragonal 
{f)  -*  monoclinic  (m)  martensitic  transformation  in  ZrOj 
can  occnr  thermodasiicaUy  in  certain  ZrOj-containing  ce^ 
ramies,  and  that  microcracking  accompanying  the  transfor* 
raatSon  is  more  common  than  had  previously  been  recognized. 
The  implications  of  these  new  data  for  the  conditions  under 
which  the  stress-induced  transformation  is  irreversible,  and 
for  the  particle  size  dependence  of  the  transformation  start 
(AT,)  temperature,  are  discussed.  [Key  words:  martensite, 
zirconia,  transformations,  particle  size,  nncleation.] 

I.  Introduction 

Transformation  toughening  via  the  martensitic  tetragonal 
(0  to  monoclinic  (m)  transformation  in  ZjOx  is  one  of  the 
most  effective  ways  of  improving  the  reliability  and  structural 
integrity  of  engineering  ceramics.  The  murtensilic  nature  of 
the  t  -♦  m  transformation  itself  has  not  been  an  issue  for  a 
number  of  years,'  but  the  crystallog^iphic,  thermodynamic, 
and  kinetic  aspects  of  the  tiansformation  remain  areas  of  con¬ 
siderable  research  interests*"'“  ii  id  even  of  some  controversy. 

One  subject  that  is  still  no;  horoughly  understood  is  the 
particle  size  dependence  of  the  “martensitic  start”  or  M,  tem¬ 
perature.  In  the  past,  it  has  been  argued  that,  like  martensitic 
transformations  in  metallic  syste.  ss,  the  martensitic  transfor¬ 
mation  temperature  must  be  understood  in  irlation  to  the 
effect  of  particle  morphology  (both  size  and  shape)  on  the  nu- 
cleation  of  the  transformation,  and  possibly  on  the  presence 
of  defects  to  permit  heterogeneous  nucleation.’"’  The  notion 
of  nucleation  control  appears  to  be  widely  shared,*  although 
contrary  opinions  do  exist.'*’’" 

The  purpose  of  this  paper  is  to  discuss  a  variety  of  new  data, 
in  particular  the  discoveries  that  (1)  the  transformation 
enhibits  a  degree  of  stress  reverslbility,^^'^*  (2)  that  in  some 
partially  stabilized  Zr02’s  (PSZ’s)  an  apparent  genera/  transfor¬ 
mation  of  a  fraction  t-ZrO]  particles  occurs  under  load 
prior  to  fracture  and  causes  inelastic  stress-strain  curves  and 
permanent  deformation  (~0.1%  strain),'*’'^''  and  (3)  that  mi¬ 
crocracking  associated  with  transformation  is  more  common 
than  has  b^n  previously  appreciated.  During  this  discussion, 
we  will^reexarainc  the  particle  size  dependence  of  M,. 

n.  Rsversitde  Transformation 

Lee  and  Heuer”  and  Mecartney  and  Ruhic'*  induced  the 
t  -r  m  transformation  in  thin  foils  using  stresses  introduced 
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by  electron  illumination  in  the  transmission  electron  micro¬ 
scope  (TEM).  In  YjOj-containing  r-ZrOa  polycrystals 
(YTZP),'*  martensitic  laths  nucleated  at  grain  boundaries 
(Fig.  1),  presumably  at  sites  where  stress  concentrations  ex¬ 
isted,  and  grew  in  ^parent  thermoelastic  equilibrium  across 
individual  grains.  When  a  martensite  lath  grew  completely 
across  a  grain,  it  was  stopped  at  a  grain  boundary  and  the  re¬ 
sulting  stress  concentration  caused  a  differently  oriented  lath 
to  nucleate  and  b^in  to  grow,  sometimes  back  into  the  par¬ 
tially  transformed  grain.  If,  on  the  other  hand,  the  lath  ex¬ 
tended  only  partly  across  the  grain,  and  the  electron  beam 
was  defocused  to  reduce  the  beam-induced  stresses,  the  lath 
shrank  and  left  a  defect-free  untransformed  grain  without 
any  evidence  that  the  grain  had  been  partially  transformed 
(Fig.  1(d)).  In  fact,  repeated  stressing  of  the  foil  by  refocusing 
the  electron  beam  sometimes  caused  differently  oriented 
martensite  laths  to  form,  presumably  because  of  differences 
in  the  biaxial  stress  distribution  from  one  focusing  experiment 
to  the  next. 

Similar  experiments  were  done  on  both  f-ZiOj  grains  and 
f-ZrOi  precipitates  in  a  ternary  MgO-YjOj-ZrOj  alloy.'^  The 
f-ZrO:  precipitates  in  this  alloy  were  platelike  and  could  also 
be  made  to  transform  by  beam-induced  stresses,  and  strong 
autocatalytic  transformation  occurred.  Transformation  of  a 
single  particle  generated  a  stress  field  which  caused  neighbor¬ 
ing  particles  to  transform  until  the  entire  illuminated  region 
contained  monoclinic  (m)  particles  in  the  cubic  (c)  ZiO] 
matrix.  The  m-ZrOj  was  invariably  twinned,  with  the  twin 
spacing  being  much  smaller  at  the  end  of  each  transformed 
precipitate  than  in  the  bulk  of  the  precipitate  (see  Fig.  7  of 
Ref.  13(b)).  Partially  transformed  precipitates  also  existed. 
More  significantly,  several  examples  were  shown  of  the  t/m 
interface  of  partially  transformed  precipitates  retreating  when 
•'  •  foil  was  removed  from  the  microscope  and  “aged”  at  room 
temperature  for  several  days;  it  is  clear  that  reversible  trans¬ 
formations  can  occur  in  either  t-ZrO}  grains  or  in  /-ZiOi 
precipitates  in  c-ZrO}  matrices. 

A  reversible  /  -*  m  tiansformation  under  stress  in  bulk 
Mg-PSZ  has  been  detected  from  in  situ  X-ray  diffraction  ex¬ 
periments.*’'^  The  material  had  a  background  m-ZiO}  content 
of  approximately  13  vol%,  but  the  m-ZrO;  cont -nt  was  re¬ 
versibly  increased  (or  decreased)  by  ~3  vol%  during  tensile 
loading  (or  unloading)  using  a  fixture  mounted  on  the  X-ray 
diffiaction  apparatus.  When  these  same  specimens  were 
mounted  on  a  loading  stage  in  an  optical  microscope  and 
viewed  with  Nomeiski  interference,  reversible  surface  rough¬ 
ness  appeared  on  loading.  The  surface  roughness  was  inter¬ 
preted''  as  indicating  the  onset  of  I  m  transformation  in 
favorably  oriented  grains;  the  scale  of  the  surface  roughness 
corresponded  roughly  with  the  grain  size  (~S0  tun).  Calcula¬ 
tions  showed  that  the  magnitude  of  the  surface  distortions  in 
these  experiments  was  consistent  with  that  expected  from  the 
transformation  strain  associated  with  the  fraction  of  <  -»  m 
transformation  measured  in  the  X-ray  experiments.'* 


*The  X-rty  expetimeuu  Maple  tpp(oxlm*iely  3taax3max20Ma>o/ 
mitefttl. 
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More  recent  measurements’’  have  demonstrated  that  the 
surface  distortions  are  a  combination  of  displacements  due  to 
the  r  m  transformation  and  to  elastic  anisotropy  (Fig.  2). 
The  contribution  from  elastic  anisotropy  arises  b«ause  an 
applied  stress  parallel  to  the  free  surface  of  a  polycrystalline 
body  causes  contraction  normal  to  the  surface  by  an  amount 
that  is  dependent  upon  the  grain  orientation.  The  results  In 
Fig.  2,  which  compares  distortions  in  toughened  and  non- 
toughened  materials,  indicate  that  at  stresses  below  -200  MPa 
the  distortions  are  due  solely  to  elastic  anisotropy,  whereas,  at 
higher  stresses,  anisotropy  and  transformation  contribute 
al^t  equally  to  the  displacements  in  the  toughened  material. 
Calculations  of  the  directions  of  maximum  and  minimum 
Young'b  ntoduli  and  Poisson^  ratios  indicate  that  the  orienta¬ 
tion  dependences  of  the  distortic  .s  due  to  elastic  anisotropy 
end  the  ( -»  m  transformation  are  simitar  if  the  transforma¬ 
tion  strain  and  the  applied  stress  are  coupled  (see  the  Ap¬ 
pendix).  This  is  consist  with  observations  tlul  the  same 


Fig.  2.  Surface  diitorlionimeuured  by 
optical  Inierlerence  microicopy  from 
toughened  titd  Doolougbeaed  Mg-PSZ 
(Ref.  IS). 


grains  are  uplifted  or  depressed  throughout  the  load  range  of 
Fig.  2;  i.e.,  the  magnitudes  of  the  relative  surioce  displace¬ 
ments  increased  monotonically  with  load  everywhere.  Hys¬ 
teresis  in  the  magnitudes  of  the  surface  displacements  upon 
unloading  could  not  be  detected  from  interference  measure¬ 
ments,  provided  the  applied  load  did  not  exceed  -350  MPa. 
This  observation  sugg^s  that  the  transfwmation  occurs 
close  to  thermoelastic  equilibrium. 

The  reversible  transformation  in  Mg-PSZ  has  also  been  ob¬ 
served  in  regions  under  compressive  loading.  This  is  illus¬ 
trated  in  Fig.  3,  which  shows  the  area  between  inner  loading 
points  of  a  bc^  loadc-1  in  four-point  flexvrc.  (The  inner 
loading  points  are  at  the  upper  right  and  lower  right  owners 
of  Fig.  3(a);  i.e.,  the  tensile  and  compressive  surfaces  are  the 
toft  and  ri^t  I  orders  of  the  photo.)  The  applied  stress  in¬ 
creases  linearly  with  distance  from  center  (neutral  axis)  of  the 
beam,  with  the  outcj  fiber  stress  bring  300  MPa.  Cwrespond- 
ing  increases  in  surface  distortions  are  evident  in  Fig.  3  on 
both  the  tensile  and  compressive  sides  of  the  beam,  and  the 
surface  distortions  are  of  similar  magnitudes  on  both  sides. 
Reversing  the  sense  of  loading,  as  in  Fip.  3(b)  and  (c),  causes 
grains  which  are  “proutT  of  the  surface  in  tension  to  be 
depressed  in  compression  and  vice  versa  (see  the  arrowed 
grains  in  Figs.  3<b)  and  3(c)).  Those  observations  suggest  that 
the  reversibie  transformation  is  governed  by  the  applied  shear 
stress  and  is  relatively  insensitive  to  the  hydrostatic  stress 
component. 

Reversible  surface  transic.'matioo  has  also  been  observed 
in  a  series  of  heat-treated  Mg-PSZ  materials  with  fracture 
toughnesses  that  ranged  between  8  and  i4  MPa  •  m*'*.**  The 
lowest  toughness  material  in  this  series  exhibited  neither  in¬ 
elastic  yielding  nor  stairie  microaack  growth,  whereas  the 
highest  toughness  material  showed  both.  The  amount  of  re¬ 
versible  transformation  at  given  ap(riied  stress  did  not  vary 
within  this  series  of  materials  with  vastly  different  me¬ 
chanical  properties.  Instead,  an  inverse  correlation  was  found 


1086 


Journal  of  the  American  Ceramic  Society  — Heuer  et  al. 


Vol.  73,  No.  4 


fir.  3.  (a)  Opiical  micrograph  from  side  of  beam  of  Mg-PSZ  loaded  in  four-poin(  flexure  (area 
between  inner  load  linc.s),  showing  surface  distortions  on  both  the  tensile  and  compressively  loaded 
regions.  Outer  fiber  stress  300  MI’a.  (b)  bnlargeincnt  of  (a)  showing  area  from  tensile  side  of  beam, 
(c)  Same  area  as  (b),  but  after  unloading  and  reloading,  with  the  sign  of  bending  reversed  to  generate 
compressive  stress.  (The  arrowed  grains  show  the  reversal  of  the  sense  of  uplift  on  reversing  the 
stress.)  The  Nomarslti  ini.iging  conditions  were  identical  for  the  micrographs  of  (bl  and  (c).  giving  the 
impression  of  tow-angle  illumination  from  the  top  right  of  the  micrograpiis. 


between  the  fracture  toughness  and  the  stress  required  tocau.se 
l>frtm:icni  or  irreversible  transformation,  indicating  that  it  is 
the  stabiti:ation  of  the  transformation  prtKluct  that  is  the  key 
to  obtaining  high  toughness  and  gtxxl  damage  tolerance.'’ 

Ill.  Irreversible  Tninsfortniittion  in  Mg>i*SZ 

Tensile  loading  of  the  high-toughness  Mg-I*SZ  causes  only 
reversible  transformation,  provided  the  applied  stress  dt>C5 
not  exceed  ~.3,W  MPa.  At  higher  strasses.  |)ermancnl  tmnsfor- 
mation  and  micriKtacking  develop  (sec  the  arrowed  features 
in  big.  4(a)),  which  appear  to  Ik  correlated.  The  |Krroancnt 
transformation  occurs  in  localized  regitms  (encompassing  sev¬ 
eral  grains),  which  arc  elongated  on  the  surface  in  the  direc¬ 
tion  normal  to  the  apjrlicd  sirc.ss.  l:!ching  of  the  surface  with 
HF  reveals  that  these  regions  arc  comjxrscd  of  a  substructure 
of  well-defined,  parallel-sided  bands  (Fig.  4(b)).  Individual 
bands  arc  confined  to  single  grains,  and  the  uplifted  aretts 
visible  without  etching  ctmtain  arrays  of  .adjacent  grains  with 


near-parallel  band.s.  The  surfticc  traces  of  the  bands  arc  all 
oriented  appio.\iui.i'f!y  normal  to  the  applied  stre.ss. 

Loading  in  comprc.ssion  also  causes  permanent  transfor¬ 
mation,  but  the  stic.ss  required  is  considerably  higher 
(~12(X)  MPa)  than  in  tension.  Therefore,  the  critical  strc.ss  to 
cause  permanent  Iransformatioti  is  strongly  dependent  on  the 
hydro.static  sirc.ss  com(X)ncnl,  in  contrast  to  the  response  of 
the  reversible  transformation.  The  development  of  [Kmiancnt 
transformation  in  compressive  loading  can  be  seen  in  the 
series  of  micrographs  in  Fig.  5,  taken  at  various  sttigcs  during 
load/unload  cycles’  (Fig.  .‘>(d)).  The  surface  roughening  in 


'Ttic  ji|<|iiu|Mulr  lot  ihc  load  iimc  cuivci  of  l-n;  5(d)  cannot  be 

ipccificd  wilti  crtlainty  The  i(>ev'imcn  »a»  a  diik  Ic'aded  alonji  a  diamclct. 
ttilti  a  Oram  gauga  mounicd  in  ihc  center  and  the  microjirapbi  taken  (tom 
an  area  atHiiil  1/4  of  the  duiance  between  the  Oram  (tauje  and  Ihc  loading 
|KMni  Thr  »lic»<  main  curve  after  the  oiiiei  of  iianjiormaiion  ii  nonlinear. 
u>  orcvtci  eateulaled  from  linear  elamciiy  al  low  loadt.  and  tubicirucni 
vcalc  lip.  would  l>e  moleadinit  The  met>  at  which  liantlormalion  tvitan 
(point  A 1 11  lion  MI’a 
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Fig.  4.  (a)  Polisl 
and  microcracks 
4  min  in  HF,  she 


TIME  ^ 

Klg.  5.  Oplical  micr..8raphs  Iron,  .he  surface  of  a  disk  of  Mg  PSZ  Ihal  was  loaded  in 

loading  sequence  a.ad  conditions  under  which  the  micrographs  were  obtained  are  indicated  tti  (d).  (A)  corrcHwitdi  to  a  stress 
1200  MPa. 
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Fig.  S(a)  was  similar  to  that  shown  quantitatively  in  Fig.  2  and 
was  reversible  upon  unloading.  At  increasing  applied  load 
(Figs.  5(a)  to  (c)),  well-defined  bands  with  more  severe  sur¬ 
face  uplift  than  that  associated  with  the  reversible  transfor¬ 
mation  developed  within  certain  grains.  With  continued 
loading,  individual  bands  increased  in  width  and  length,  the 
number  of  bands  within  individual  grains  increased,  and 
bands  formed  in  new  grains.  Upr imloading  (Figs.  5(e)  and 
(f)),  all  of  the  transformation  bands  remained,  but  all  of  the 
other  surface  distortions  disappeared. 

The  surface  traces  of  the  bands  all  lie  at  angles  between 
~30°  and  90°  to  the  direction  of  the  applied  stress  (horizontal 
in  Fig.  5).  Therefore,  if  these  traces  represent  the  intersections 
of  the  specimen  surface  with  planar  transformation  bands,  all 
of  the  bands  could  lie  on  planes  of  high  resolved  shear  stress. 

The  shear  nature  of  these  transformation  bands  is  also  sug¬ 
gested  by  the  shape  of  the  associated  surface  distortions.  An 
optical  interference  micrograph  from  the  area  of  Rg.  5(f)  is 
shown  in  Fig.  6;  the  dark  fringes  in  this  micrograph  represent 
contours  of  constant  height  separated  by  A/2  =  270  nm.  The 
surface  uplift  along  A-^  is  plotted  in  Fig.  6(b).  Within  the 
bright  bands  in  Fig.  5(f),  the  surface  is  tilted  at  a  constant 
an^e,  thus  implying  a  large  component  of  shear  in  the  trans¬ 
formation  strain. 

A  one-to-one  correlation  is  evident  in  Figs.  5(a)  to  (c)  be¬ 
tween  grains  that  were  uplifted  in  Fig.  5(a)  and  grains  that 
subsequently  developed  transformation  bands  in  Figs.  5(b) 


and  (c).  This  observation  establishes  a  direct  connectitm  be¬ 
tween  the  reversible  and  permanent  transfosmations. 

IV.  Microcracking  and  Twinning 

A  martensitic  transformation  proceeding  in  thermoelastic 
equilibrium  generates  very  large  residual  stresses  which  op¬ 
pose  further  transformation  and  lead  to  reverse  transforma¬ 
tion  on  unloading.  To  prevent  the  reverse  transformation, 
relief  of  these  residual  stresses  must  occur,  which  in  the 
present  systems  involves  twinning  and  microcracking. 

Microcracking  has  been  observed  around  transformed 
m-Zr02  particles  in  the  three  types  of  transformation- 
toughened  ZrOz-containing  ceramics  of  commerical  signifi¬ 
cance.  Examples  from  ZrOj-toughened  AI203  (ZTA), 
Mg-PSZ,  and  Y-TZP  are  shown  in  Fig.  7.  In  ZTA  and  h^- 
PSZ,  both  tangential  and  radial  microcracks  can  occur  (radial 
and  tangential  are  defined  with  respect  to  the  Al203/Zr02  or 
precipitate/matrix  interfaces).  Tangential  microcracking  is 
the  more  common,  with  the  microcracks  iq)pearing  to  be  nu¬ 
cleated  by  stress  concentrations  at  the  intersections  of  twin  or 
variant  boundaries  with  the  Al203/i 
interfaces.  Observations  by  seve^ 
tangential  microcracking  occurs  if  the  thickness  of  individual 
twin  plates  exceeds  ~50  nm  and  if  no  “domains  of  clo.sure”“ 
form.  Analysis  of  the  singular  stresses  associated  with  the 
termination  of  such  twin  plates^  indicated  that  spontaneous 
initiation  of  microcracks  cannot  be  explained  using  linear 
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Ffg.t  Microcracking  (arrowed  fealures)  associated  with  trans¬ 
formed  m-ZrOj  particles  in  (a)  ZTA,  (b)  Mg-PSZ,  and  (c)  Y-TZP. 


elasticity.  Micrdcrack  nucleation  either  reouires  the  presence 
of  lattice  defects  (e.g.,  dislocations)  or  involves  nonlinear 
bond  displacement  in  respmse  to  the  very  high  stiess  concen¬ 
trations.’*  Ftisiltcr  nucleation  studies  are  needed  to  address 
these  possibltlies. 

In  VTZP,  vadial  microcracking  is  observed  around  trans¬ 
formed  grains.  In  the  example  of  Fig.  7(c),  the  material  had 
been  heat-treated  in  the  two-phase  (r-ZROi  +  c-2^3)  {Aase 
field  to  form  some  high-solule-conteni  (~10.S  wt%  YjOi) 
c-ZrO]  grains  in  equilibrium  with  some  low-solute-content 
(■“3.5  wt%  YiOj)  f-ZrOj  grains,  with  M,  above  room  tem¬ 
perature.  Microcracks  are  visible  around  the  transformed, 
low-YjOj-contcnt  grains.  The  crachs  are  evidently  caused 
by  transformation-induced  stresses,  augmented  by  thermal 
expansion  anisotre^  stresses  which  are  enhanced  at  grain 
facet  cornets. 

Alternatively,  the  transformation  stresses  can  be  relaxed  by 
the  formation  of  elesure  twins’**  or  by  twinning  occurring 
subsequent  to  the  transformation.”  These  have  been  ob¬ 


served  in  ZTA,  Y-TZP,  and  Mg-PSZ.  An  example  already 
cited  and  identified  by  high-resolution  lattice  imaging  in  a 
low-solute  precipitate  in  a  ternary  Mg,Y-PSZ  is  shown  in 
Fig.  8. 


V.  Transformation  Reversibility  and 
Size  Dependence  of  Af, 

The  in  situ  transformation  experiments  (e.g..  Fig.  1)  clearly 
demonstrate  that  stress-induced  reversibility  in  thin  foils  can 
arise  from  partial  transformation.  The  glissile  nature  of  the 
martensitic  interfaces  between  parent  and  product  (t-  and 
m-ZiOa)  is  one  of  the  hallmarks  of  martensitic  transforma¬ 
tions,  and  this  phenomenon  is  not  surprising.  These  examples 
further  demonstrated  that  partial  reversible  transformation 
did  not  lead  to  any  transformation  debris.  It  is  clear  that  the 
strains  resulting  from  partial  transformation  cause  stresses 
which  oppose  the  applied  stresses,  leading  to  a  state  of  thermo¬ 
elastic  equilibrium.  We  now  discuss  the  implications  of 
such  thermoelastic  equilibrium  on  (i)  the  size  dependence  of 
M,  and  (ii)  the  conditions  under  which  permanent  irreversible 
transformation  can  occur.’’ 


(1)  Size  Dependence  of  M, 

In  certain  Mg-PSZ  samples,  the  matrix  contains  some  par¬ 
ticles  of  m-Zr02,  which  had  transformed  during  cooling  (in 
the  absence  of  any  applied  stress),  and  some  particles  of 
t-ZrOa  capable  of  reversible  transformation.  These  observa¬ 
tions  may  imply  an  intrinsic  size  dependence.  However, 
rather  than  a  surface  energy  argument  for  this  size  depen¬ 
dence  of  M„  as  suggested  by  Garvie  and  Swain,“  we  postulate 
that  the  difference  may  involve  the  effect  of  particle  mor¬ 
phology  on  the  strain  energy  arising  from  the  transformation. 

The  elastic  strain  energy,  F,  associated  with  a  transformed 
inclusion  is  in  general  dependent  upon  its  size  and  shape.  For 
an  oblate  spheroid  (axes  a  =  b  <  c)  with  unconstrained  dila¬ 
tion  and  shear  transformation  strains,  e^  and  ef3,  the  elastic 
energy  in  the  matrix  and  inclusion  after  transformation  can 
be  expressed  (after  Eshelby)”  as 
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”We  use  t  simplified  approach  in  which  in  isoliied  pirilcle  in  in  Isotropic 
miirix  is  considered.  Imporiint  consideiiiions  such  is  ^asric  anisotropy'* 
and  thermal  expansion  and  clastic  modulus  mismatch*''**  between  panicle 
and  matrix  arc  Ignored.  While  these  simplKlcaiions  prohibit  a  quantitative 
treatment,  they  should  not  obKure  the  physics  uadwiying  transforaatioo 
tevetslMliiy  or  the  siu  depeadeace  of  M,. 


Fig.  I.  Hiib-resoiution  T£M  imago  tbowing  dosure  iwiiu  in 
(Mg.Y)  1^.  (Ref.  13.) 
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where  V  is  the  inclusion  vdume,  E  Young’s  modulus  (assumed 
equal  for  inclusicm  and  matrix),  v  Poisson’s  ratio,  and  y  is  a 
fimction  of  the  aspect  ratio  a/c.  The  first  term  in  (1)  is  the 
contribution  due  to  the  dilation  component  of  the  transfor¬ 
mation  strain,  and  the  second  term  arises  from  the  shear 
component.  The  variation  of  F/Fd  (the  strain  energy  normal¬ 
ized  by  the  zero  shear  case)  with  aspect  ratio  is  shown  in 
Fig.  9  for  several  values  of  the  ratio  Cu/e*';  c5/e^  =  0  corre¬ 
sponds  to  pure  dilational  transformation  (i.e..  complete  relief 
of  shear  strains  by  twinning),  whereas  cS  =  0.07.  e  “  0.04  is 
appropriate  for  the  unit  cell  shape  strain.  For  pure  dilation, 
the  strain  energy  per  unit  volume  is  independent  of  inclusion 
shape,  whereas  the  contribution  due  to  the  shear  strain  de¬ 
creases  with  increasing  aspect  ratio.  Since  this  elastic  strain 
energy  provides  the  resistance  to  transformation,  and  the 
chemical  driving  force  per  unit  volume  is  independent  of  in¬ 
clusion  shape,  the  d^ree  of  undercooling  needed  for  the 
transformation  to  become  thermodynamically  favorable  de¬ 
creases  with  increasing  aspect  ratio.  Therefore,  this  effect 
could  provide  a  rationale  for  an  apparent  size-dependence 
of  M,  if  the  precipitate  aspect  ratio  increases  with  precipi¬ 
tate  size. 

Observations  of  Firmer  and  Heuer“  are  consistent  with 
this  hypothesis.  They  found  that  in  Mg-PSZ,  t-ZrOj  particles 
with  aspect  ratios  £4  had  M,  well  below  room  temperature, 
those  with  aspect  ratios  between  4  and  5  still  had  M,  <  room 
temperature  but  were  sufficiently  unstable  that  they  often 
transformed  to  an  orthohombic  (o)  form  of  ZrOj  during  TEM 
examination,**’’*  and  specimens  that  were  heat-treated  to  en¬ 
courage  some  precipitate  growth  had  transformed  particles 
with  aspect  ratios  >5. 

Of  course,  this  explanation  is  restricted  to  precipitation- 
toughened  systems  suds  as  Mg-PSZ  and  is  not  applicable  to 
the  equiaxed  TZFs. 

(2)  StabiUiatUm  qf  the  Stress^lndueed  Transformation 
Product 

Ftom  the  in  situ  TEM  observations  (e.g.,  Fig.  1),  it  is  clear 
that  reversible  transformation  in  Y-TZP  and  Mg,Y-PSZ 
involves  reversible,  stress-induced  movement  of  tetragonal/ 
monoclinic  interfaces.  Stabilization  of  the  monoclinic  phase 
in  these  experiments  was  observed  only  when  a  lath  grew 


*'Thit  ditfuiioalcM  I  -•  0  utnitormtUon  OMun  (rtllKtuahy  ia  TEM 
(bia  (oil  tfccimoot,  and  U  dltcuued  «Uewher«.  ” 


Plot  of  elitlic  tirtin  energy  in  miirix  and  inclusion  for 
an  oblate  ipheroidal  incluiion  wiin  upect  ratio  a/c  and  uncoo- 
strained  dilation  and  abear  transformation  strains  and  tft. 


conidetely  across  a  grain  in  the  Y-T23’,  and  when  the  fsecipi- 
tates  in  the  h^,Y-PSZ  transformed  con^letely.  These  obser¬ 
vations  are  consistent  with  the  notion  that  permanent 
transfmmation  requites  microcracking  or  the  formation  of 
closure  twins,  as  discussed  in  Section  IV. 

Similar  observations  of  partially  transformed  precipitates 
have  not  been  made  in  Mg-PoZ.  Therefore,  experiments  to 
date  cannot  distinguish  whether  the  reversible  transformation 
seen  in  the  X-ray  experiments  involves  partial  transformation 
of  all  precipitates  or  connlete  transformation  of  some  indi¬ 
vidual  precipitates.  However,  the  direct  connection  between 
reversib! ;  and  permanent  transfonoation  (Fig.  5)  does  confirm 
a  previous  suggestion”  that  irreversible  transformation  re¬ 
quires  a  higher  applied  stress  than  does  initiation  of  the  forward 
transformation.  Moreover,  stabilization  of  the  monoclinic 
phase  in  Mg-PSZ  is  always  associated  with  bands  that  tra¬ 
verse  grains,  suggesting  tW  precipitate  interactions  leading 
to  strain  localization  are  associated  with  the  stabilization 
event,  either  as  the  cause  or  as  a  consequence. 

If  the  reversible  transformation  in  Mg-PSZ  involves  com¬ 
plete  transformation  of  some  individual  precipitates,  the 
observed  continuous  increase  in  surface  distortions  with  in¬ 
creasing  applied  stress  must  be  due  to  increasing  numbers  of 
transformed  precipitates,  according  to  a  distribution  of  trans¬ 
formation  stresses.  In  this  case,  st^ilization  would  require  ir¬ 
reversible,  stress-relieving  events  to  reduce  the  driving  force 
for  reverse  transformation.  This  could  be  achieved  by  twin¬ 
ning  and  microcracking,  both  of  which  have  been  found  by 
TEM  to  be  evident  at  transformed  precipitates  in  thin  foils 
(Section  IV).  However,  a  connection  between  this  mechanism 
of  stabilization  and  the  formation  of  transformation  bands  is 
not  apparent.  A  more  likely  critical  event  for  stabilization  is 
the  actual  formation  of  a  shear  band  of  transformed  precipi¬ 
tates;  Fig.  10  shows  schematically  the  basic  idea,  in  that  spa¬ 
tially  correlated  transformation,  i.e.,  a  transformation  shear 
band,  is  necessary  for  irreversible  transformation;  the  shear 
band  would  lead  to  a  reduction  in  the  shear  strain  energy  as¬ 
sociated  with  each  precipitate.  Formation  of  the  shear  band 
requires  interaction  between  precipitates  and  would  be  dic¬ 
tated  by  the  statistical  occurrence  of  a  nucleus  composed  of 
a  critical  number  of  adjacent  transformed  precipitates.  The 
mechanism  does  not  preclude  subsequent  twinning  and  micro¬ 
crack  formation  and  is  therefore  consistent  with  all  of  the 
observations. 

If,  instead,  the  reversibility  involves  partial  transformation 
of  many  or  all  precipitates,  with  reveirible  movement  of  the 
tetragonal/monoclinic  interface  under  an  applied  stress,  then 
stabilization  could  also  occur  by  microctadiing  or  twinning. 
However,  again,  it  is  not  evi^nt  why  such  a  mechanism 
would  les^  to  the  bands  of  transformation  observed  in  the  ex¬ 
periments  discussed  in  Section  III. 

It  is  useful  at  this  point  to  consider  the  thermodynamics  of 
transformation.  The  total  change  in  free  energy,  AF,  of  the 
system  upon  transformation  of  a  volume,  K,  can  be  written**'’* 

AF  =  AC  +  Af/r  +  At4«  +  AC,  (2) 


where  AG  is  the  decrease  in  chemical  free  energy,  ACr  is  the 
transformation  stirain  energy,  ACui  is  the  interaction  energy 
under  an  applied  stress  a,,  and  AC,  is  the  change  in  surface 
energy  (whit^  may  include  strain  eneigy  associated  with  twin 
terminations  at  the  precipitate  boundary).  The  variations  of 
the  individual  energy  terms  and  the  total  energy  with  trans¬ 
formed  volume,  ,  are  shown  schematically  in  Pigs.  11(a)  and 
(b).  If  the  shape  of  the  transformed  volume  remains  geometri¬ 
cally  similar  with  increasing  size,  the  first  three  terms  in 
Eq.  (1)  are  proportional  to  V,  whereas  AC,  is  proportional  to 
and  a  size  effect  exists,  (i.e.,  the  energy  change  AF  is 
n^ative  for  volumes  larger  than  a  critical  value,  and  posi¬ 
tive  for  K  <  K,  Fig.  11(b)).  This  is  the  argument  used  by 
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Fit.  10.  Schematic  diagram  illustiatint  revenible  and  irrevers¬ 
ible  transformation  of  precipitates  in^-PSZ:  (a)  zero  stress, 

(b)  reversible  transformation  (isolated  precipitates  transformed), 

(c)  permanent  transformation  (autocatuysis  causes  formation  of 
transformation  band). 

Oarvie  and  Swain  to  explain  the  observed  size  effect  in  spon¬ 
taneous  transformation  (i.e.,  in  the  M,  ten^rature).  Alterna¬ 
tively,  if  the  particle  shape  does  not  remain  constant  with 
increasing  volume,  the  size  effect  is  obtained  without  invoking 
the  surface  energy  term,  because  Al/r  increases  more  slowly 
with  increasing  V,  as  discussed  in  Section  V(l).  The  requisite 
increasing  aqiect  ratio  with  increasing  transfcmned  volume  is 
exhMed  by  a  growing  lath,  as  in  Fig.  1,  and  by  partly  trans¬ 
formed  pied{Htates,  as  in  Mg,Y-PSZ  and  Mg-PSZ. 

In  either  case,  the  total  energy  change  v^es  with  volume 
and  ^)ptied  stress,  as  indicated  in  Fig.  11(b).  The  energy 
maxima,  Af  *,  in  these  plots  represent  a  homogeneous  nuclea- 
tion  barrier,  and  the  curves  predict  complete  transformation 
of  precipitates  with  volumes  larger  than  the  critical  value,  V, 
(H  decreases  with  increasing  applied  stress),  provided  Af*  is 
overcome.  This  is  consistent  with  the  re^xmse  depicted  in 
Fig.  10.  However,  stable  movement  of  a  transfonnatioo  inter¬ 
face  within  a  pr^pitate  (Fig.  11(e))  b  not  consistent  with 
Fig.  11(b).  Such  a  response  requires  an  additional  energy  term 
£kU,  with  the  form  represent^  in  Fig.  11(c),  u  would  arise 
from  an  interaction  strain  energy  with  a  localized  stress  con¬ 
centration.  In  Mg-PSZ,  stress  concentrations  have  been  ob¬ 
served  at  very  sn^  precipitates  of  Mg-rich  5-phase  that  form 
near  the  surfaces  of  the  tetragonal  (^pitates.^  It  has  also 
been  suggMted  that  stress  concentrations  occur  at  the  edges 
oi  the  precipitates  because  the  profile  is  sharper  than  that  of 
an  oblate  spheroid.*^  The  total  energy  change  in  thb  case  b 
stxrwn  scbemalically  in  Fig.  11(d).  Spontaneous  transformation 
b  predicted  for  restricted  volumes  less  than  V)  within  a  par¬ 
ticle.  Moreover,  increases  continuously  (and  reversibly) 
with  apfdied  riress,  u  required  for  stable  movement  of  the 
transfo^tion  interface.  At  the  apfdied  stress  c*  represented 
in  Fig.  U(d),  the  transformation  extends  indefinitely  and  irre- 
venildy,  thus  defining  the  condition  for  permanent  transfor¬ 
mation.  Thb  description  of  the  reversible  transformation  b 
simply  the  nudation  stage  of  transformation.  For  thb  mech¬ 
anic  to  be  coosbtent  with  the  observations  of  Section  HI,  it 
would  be  necessary  for  the  stress  field  surrounding  the  pre¬ 
cipitate  after  unstr^  ttansformation  to  cause  transformation 
at  ac^acent  precipitates,  leading  to  the  formation  of  a  traurfor- 
mation  band.  Such  outocatalytic  transformation  hu  been  ob¬ 
served  in  in  situ  expetimenu  in  Mg-Y-PSZ  (SecUoo  U),  and  b 
postulated  to  occur  also  in  bulk  Mg-PSZ. 

VL  CeachudOM 

The  stress-induced  t  -*  m  transformation  in  ZiOican  occur 
either  reveisiMy  or  irreversibly.  The  irreversible  transforma- 
UoQ  requites  mictocracking  or  twinning  to  avoid  retranrfor- 
mation  on  unloading.  The  tbermodynamics  of  stress-induced 
traiufonnation  require  inclusion  of  an  interaction  energy 
term  with  a  localized  stress  coorentration  for  explanation  of 
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Ft|.  11.  (i)  Varbtloa  of  energy  changes  associated  with  tetra- 
gODal-to-moooclinic  Iranaformalton  In  a  constraining  matrix  with 
the  volume  transformed,  (b)  Change  of  total  free  energy  of  syttem 
with  volume  transformed,  (c.  d)  Energy  changes  in  the  presence  of 
a  localized  streis  concentratfon.  (e)  Mechanism  of  reversible  Itans- 
formation  by  streu-induced  movement  of  the  tetragooal/moooeUnic 
interface  within  a  precipitate. 

all  experimental  observations.  We  have  alto  suggested  that 
the  particle  size  dependetKe  of  involves  variatioa  of  parti¬ 
cle  ^ape  with  particle  size,  rather  than  an  intrinsic  size  ef- 
fea  due  to  suruce  energy  arguments. 

APPENDIX 

Rdatlau  between  Sniface  Plsterttoni  and 
Trantfomtatlon  Strains 

The  surface  dbtortioiu  associated  with  the  tesenible 
transformation  were  of  opposite  sign  in  uniaxial  tension  and 
compression.  Thb  observation  b  consistent  with  a  simple 
conridentioit  of  the  tnnsfonnallon  strains,  assuming  coupling 
of  the  strains  to  the  applied  shear  rftess.  Eadi  grain  in 
Mg-PSZ  contains  small,  lens-shaped  predpitatca  of  tetragonal 
ZrO]  in  a  solute-rich  cubic  ZrOj  matrix.  The  tetragonai  c  axb 
of  the  jpiecipitatea  b  parallel  to  their  smallest  dim^oo.  The 
predpitatet  are  in  three  orientations,  each  with  the  tetragonal 
c  axb  parallel  to  one  of  the  cidw  axes.  If  we  assume  a  sio^ 
lattice  conespoadeace  for  the  martensitic  t  -«  m  transforma¬ 
tion,  (e.g.,  lattice  conespondcnce  C  for  which  the  tetragonal 
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c  axis  becomes  the  monoclinic  c  axis,”  then  an  applied  stress 
along  a  [110]  cube  direction  (Fig.  Al)  provides  the  most  favor¬ 
able  orientation  for  coupling  with  the  shear  strains.  Then  two 
sets  of  precipitates  are  oriented  with  Schmid  factors  of  0.5  for 
(001)/[100]  transformation  shear,  and  the  third  set  has  zero 
shear  stress  on  the  (001)  plane.  In  this  orientation,  transfor¬ 
mation  of  equal  numbers  of  the  two  sets  of  favorably  oriented 
precipitates  to  single  untwinned  variants  uniformly  through¬ 
out  the  grain  causes  a  total  unconstrained  strain  of  the  grain 

s,  =  f(±y/2  +  e73) 

ey  =  f{+y/2  +  eV3) 

s,  =  /c73  (A-1) 

where  the  upper  sign  refers  to  tensile  and  lower  one  to  com¬ 
pressive  loading,  f  is  the  volume  fraction  of  the  grain  that 
transformed,  and  -y(se5)  and  are  the  unconstrained  shear 
and  dilation  strains  of  the  transformation  (0.16  and  0.04,  re¬ 
spectively).”’”  The  magnitudes  of  the  strains  for  tension  and 
conqrression  are  shown  in  Fig.  Al. 

Surface  distortions  arise  from  variations  in  the  transverse 
strains,  Sy  and  e„  in  adjacent  grains.  In  compressive  loading, 
both  of  the  transverse  strains  are  positve,  indicating  that  the 
surfaces  of  transformed  grains  are  always  uplifted.  In  tensile 
loading,  on  the  other  hand,  transformed  grains  can  be  either 
uplifted  or  depressed  (e^  <  0,  e,  >  0).  However,  the  grains 
which  experience  the  largest  surface  distortions  (i.e.,  those 
oriented  with  e,  normal  to  the  specimen  surface)  are  de¬ 
pressed  in  tensile  loading  and  uplifted  in  compression,  consis¬ 
tent  with  the  observations  of  Section  III.  Moreover,  equal 
volume  fractions  of  transformation  in  tension  and  compression 
k  (as  would  be  implied  by  a  critical  shear  stress  criterion)  would 
cause  larger  distortions  in  compression  than  in  tension,  as 
observed. 

Relative  axial  and  transverse  transformation  strains  result- 
^  ing  from  permanent  transformation  have  been  measured  di¬ 

rectly  by  Chen  and  Reyes-Morel^  using  strain  gauges  in 
uniaxial  comptession  experiments.  From  the  measured  ratio 
of  ~2/3  (i.e.,  IctUcy  +  e,)),  the  shear  strain  calculated  from 
Eq.  (A-1)  Is  y  “  (5/3)e'’ «  0.07.  Therefore  as  concluded  by 
these  workers,  ~S()%  of  the  available  shear  strain  appeared  in 
the  macroscopic  strain  measurements  in  this  case. 

It  is  interesting  to  note  that  for  the  volume  fraction  of  re¬ 
versible  transformation  in  uniaxial  tension  measured  previ¬ 
ously  using  X-ray  diffraction  (~3%),'*  the  magnitudes  of  the 
strains  in  the  direction  of  the  applied  load  (st  °  ~0.0018  in 
compression  and  s,  0.0027  in  tension)  are  similar  (but  of 
opposite  sign)  to  the  applied  strain  (~  ±0.0015).  This  implies 
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Ft|.  Al.  Schematic  diagram  indicating 
iransformtiioQ  strains  In  tension  and 
compression. 


that  in  a  fixed  grips  loading,  the  applied  stress  would  be 
approximately  relaxed  by  the  tramformation.  Moreover,  as 
shown  previously,”  the  corresponding  transverse  strains  s,  ~ 
0.002  over  a  depth  of  about  one  grain  diameter  (~50  /Ltm) 
would  produce  surface  displacements  ~100  nm,  consistent 
with  observations. 
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Experimental  Observations 


Mechanical  loading  of  polycrystalline 
ZrOi  ceramics  causes  reversible,  out- 
of-plane  distortions  at  free  surfaces 
that  are  parallel  to  the  direction  of 
applied  stress.  These  distortions  have 
been  measured  using  optical  interfer¬ 
ence  microscopy,  and  the  separate 
contributions  due  to  elastic  anisotropy 
and  reversible  martensitic  transfor¬ 
mation  have  been  identified.  [Key 
words:  zirconia,  magnesium,  me¬ 
chanical  properties,  phase  transfor¬ 
mations,  stress.] 

Cevbral  studies  have  shown  that  the 
‘^martensitic  transformation  in  Z1O2.  be¬ 
tween  tetragonal  and  monoclinic  phases, 
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can  occur  reversibly  with  stress  under  cer¬ 
tain  conditions.'"*  This  observation  is  im¬ 
portant  for  understanding  the  initiation 
condition  for  the  transformation,  which  in 
turn  determines  the  extent  of  the  transfor¬ 
mation  zone  around  a  crack  and  hence  the 
degree  of  toughening. 

The  first  indication  of  reversibility 
came  from  observations,  by  Nomarski  in¬ 
terference,  of  surface  distortions  caused 
by  varying  amounts  of  transformation  in 
adjacent  grains.  These  measurements, 
from  the  polished  surface  of  polycrys¬ 
talline  Mg-ZrO)-  were  confirmed  by  in 
situ  X-ray  diffraction.'  In  situ  TEM  ob¬ 
servations  have  also  revealed  reversible 
transformations  in  other  ZrO^  alloys.*'* 
Although  the  surface  distortion  measure¬ 
ment  remains  the  most  sensitive  of  these 
methods  for  detecting  small  amounts  of 
transformation,  it  is  complicated  by  the 
fact  that  distortion  of  the  surface  under  bj>- 
plied  toad  can  also  be  caused  by  elastic 
anisotropy.  In  this  paper,  measurements  of 
the  separate  contributions  to  surface  dis¬ 
tortions  i  Mg-PSZ  from  elastic  aniso¬ 
tropy  and  reversible  transformation  are 
presented. 


Surface  distortions  were  compared  in 
one  transformation-toughened  9  mol% 
MgO-ZiO}  material*  and  four  related,  non- 
toughened  materials:  (1)  a  fully  stabilized 
cubic  Mg-ZrO]  (14  mol%  MgCI);  (2)  10.9 
mol%  MgO-^Oj  which  contained  tetrag¬ 
onal  precipitates  that  were  not  sufficiently 
transformable  to  cause  significant  transfor¬ 
mation  toughening;  (3)  an  overaged  9 
mol%  MgC)-2^0]  in  which  all  precipitates 
were  of  monoclinic  phase;  and  (4)  the 
toughened  9  mol%  MgO-ZrOj  which  had 
undergone  a  cooling  cycle  in  liquid  nitrogen 
to  transform  most  tetragonal  precipitates 
to  orthorhombic  phase.*  Of  the  nontough- 
ened  materials,  the  9  mol%  MgO-ZrOj 
cooled  in  liquid  nitrogen  possessed  the 
highest  strength  (SIX)  MPa,  compared  with 
approximately  250  MPa  for  the  others) 
and  therefore  allowed  comparisons  with 
the  toughened  material  over  the  widest 
range  of  stresses.  It  was  also  closest  to 
having  a  mlcrosimcture  identical  to  that  of 
the  toughened  material,  but  with  the  trans- 
foraiability  switched  off. 

Beams  of  each  material  (~50x3>c 
3  nun)  were  loaded  in  bending  using  a  fix- 


Fi|.  I.  Optical  mkroaruitis  (Nomaisiri  liueiference),  compirint  out-of-ptane  tuiface  dUtoiticni  In  (A)  transtoonalioii- 
loutbeoed  M|-PSZ  and  (B)  onetetigheaed  Mg-PSZ.  Applied  load  boiizo^,  average  strain  O.OOIS. 
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"tmeoii  die  stage  of  ao  optical  eoicnMcope. 
while  beiiig  viewed  eitbsr  with  Noma^ 
intetfeteoce  or  with  cooventiooal  interfer¬ 
ence  using  monochromatic  light.  While 
Nomaiski  interference  is  the  more  conve¬ 
nient  and  possibly  the  more  sensitive  of 
these  two  method  of  observing  surface 
distortions,  it  is  only  qualitative.  On  the 
other  hand,  quantitative  measurements  of 
surface  displacements  are  obtained  from 
the  conventional  interfoence  measurements. 
In  the  present  experiments  comparisons  of 
the  different  materials  were  made  using 
micrographs  obtained  with  identical  meas¬ 
urements  settings  and  rilm/print  process¬ 
ing.  Applied  stresses  were  monitored  in 
all  cases,  using  strain  gages  attached  to 
the  surfaces  of  the  bee>ns. 
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Fig.  2.  Relative  tuifiKe  dupticeinetiu,  measured  by  optical 
inteffeitiice  nlcroacopy,  for  touibened  (aa-nceived)  and  non- 
toughened  (cooled  in  liquid 


The  tensile  surfaces  of  all  five  mate¬ 
rials  exhibited  reversible  distortions  during 
loading.  Observations  in  the  fully  stabi¬ 
lized,  overaged,  and  10.9  mol%  MgO  ma¬ 
terials  were  limited  (by  their  strengths)  to 
applied  stresses  below  approximately  200 
MPa(i.e.,  strain  <0.001).  Over  this  range 
of  stresses  the  magnitudes  of  the  surface 
distortions  were  in^stinguishable  in  all  of 
the  materials.  However,  at  larger  applied 
stresses  the  magnitudes  of  the  surface  dls- 
tiortions  were  higher  in  the  toughened  ma¬ 
terial  than  in  the  material  that  had  been 
cooled  in  liquid  N).  Nomarski  interference 
micrographs  from  these  two  materials  are 
compa^  in  Fig.  I  and  measured  surface 
displKcments  from  conventional  interfer¬ 
ence  micrographs  are  shown  in  Pig.  2. 
(The  relative  surface  displtcemenu  in  Fig. 
2  represent  measurements  of  the  largest 
height  difference  within  subareas  approxi¬ 
mately  200x  200  ^  on  the  tensile  sur¬ 
faces.)  These  tesulu  suggest  that,  at  stresses 
below  MPa,  the  surface  distortions 
resuit  from  elastic  anisotropy,  but  that  at 
higher  stresses  in  the  lougbowd  material, 
transformation  strains  and  elastic  anisot¬ 
ropy  contribute  about  equally  to  the  sur- 
Him  disiottioos. 

In  situ  irfMervatioA  during  continuous 
loading  of  the  toughened  material  itrdi- 
cattd  thu  the  same  grains  woe  either  up- 
UOed  or  depressed  over  the  entire  range  of 
straimi  in  Fig.  2;  i.e.,  the  magnitudes  of 
the  surface  diiptacemenu  iocroised  moop- 
tonicaUy  with  load  evc*ywhere.  Thlr  indi¬ 
cates  that  the  crysulio^vphic  orienuiions 
of  distortioas  due  to  elutic  aniso-trof^  and 
tnmsfoniaaiion  strains  ate  similar. 

Siattk  Afiisoifopy 

An  applied  stress  paratlel  to  the  surface 
of  a  polyaystaUiM  bo^‘  cuiset  oonoictioa 
noratal  to  die  surfatx  an  amount  which, 
because  of  elastic  trtiii^py,  is  dependent 
upon  the  grain  orientation.  Theief^,  die 
surface  must  becoitic  distorted  where 
grains  of  different  orientations  meet.  A 
^lailcid  calculation  of  the  magnitisie  of 
these  distortions  would  be  complex  be¬ 
cause  all  compoaenu  of  local  stress  and 
tuain  are  uanunlfona  and  dtpmdeni  upon 


relative  orientations  of  ail  adjacent  grains. 
However,  a  rough  estimate  of  the  maximum 
distortion  can  be  obtained  by  calculating 
the  maximum  and  minimum  Poisson  ratios 
assuming  uniform  strain  parallel  to  the  ap¬ 
plied  stress. 

For  cubic  ZtO)  with  elastic  stiffness 
constants  C|i"4l7  OPa,  Cjj"82  GPa,  and 
C44“47  GPa,*'’  Young’s  moduli  and 
maximum  and  minimum  Poisson  ratios  for 
applied  stresses  in  the  directions  [100], 
[110],  and  [111]  are  listed  in  Table  1. 
(}ualitativety,  the  elastic  response  of  this 
material  is  similar  to  that  of  a  structure 
composed  of  rods  along  the  edges  of  a 
cube  and  hinged  at  the  corners;  it  is 
itiffest  when  loaded  along  [100],  soft 
when  loaded  along  [III]  and  [liO],  and 
the  transverse  Goninctioo  (for  tursUe  load) 
when  loaded  along  [110]  is  large  along 
[UO]  and  very  smali  along  [001].  There¬ 
fore.  the  targ^  difference  in  cootmtion 
should  be  between  gnins  with  ft  10]  paral¬ 
lel  to  (he  apftiied  stress  and  [iTO]  or  [001] 
normal  to  (he  surface.  For  strain  of  O.OOiS 
parallel  (o  [ItO],  (he  differcrx*  in  contrac¬ 
tion  (unconstrained)  of  the  two  grains 
would  be  AewO.0007.  The  grain  size  of 
this  mat»iat  .ts  ~S0  Mtn.  Therefore,  the 
diffetence  in  surface  dUftiacements  would 
be  -350  A  (*“35  nftr),  consitient  wltit  ths 
measutemenu  in  Fig.  2  for  the  muerial 
that  had  been  cooled  in  liquid  v4j. 

Surface  DUtortioiu  emd  TroK^onmlm 
Strains 


lations  of  the  previous  section,  an  ui^r 
bound  can  be  estimated  for  the  relative 
surface  displacements  due  to  transforma¬ 
tion,  assuming  coupling  between  the 
transformation  strain  a^  the  applied  shear 
stress.  Each  grain  ip.  Mg-PSZ  contains 
smali,  iens-shaped  precipitries  of  tetrago¬ 
nal  ZrO)  in  a  solute-rkh  cubic  matrix, 
with  the  tetragonal  c  axis  of  the  precipi¬ 
tates  parallel  to  their  tmailss:  dimension. 
The  precipHites  are  in  three  orientations, 
each  with  the  tetragonal  c  axis  parallel  to 
one  of  the  cubic  axes.  If  a  sin.|!e-latilce 
correspondence  for  the  marieistltie  (-»m 
uansformation  is  assumed  (e.g.,  lattice 
conespoodcnce  C  for  whirfi  the  tetragonal 
c  axis  becomes  the  monoctinic  c  axis)/ 
then  applied  stress  aioog  a  [MO]  Erection 
provides  the  most  ftvwi^e  orienution  for 
couplUif  with  the  shear  strains.  Then  two 
sett  of  precipitates  are  oriented  with 
Schmidt  factors  of  0.5  for  (001)t[i00] 
traniforraaiion  shear,  and  the  third  set 
have  (hear  (tress  on  the  (001)  pUne. 
In  this  orkaMion,  tranrfonnation  ttf  equal 
ntmdiert  of  the  two  sets  favorably  ori¬ 
ented  precipitates  uniformly  throughout 
die  gndn  causes  total  unconarained  suaint 
of  tte  grain. 

c.“/(*V3+y/2).  (14) 

(lb) 

«,-/r73  (Ic) 

where y,  and  z  correspond  to  (110). 
(iTOs,  and  (001). /is  the  volume  fraction 


In  the  spirit  of  the  appsoalmate  calcu- 

Tahle  1.  Voung’i  Moduhts  and  ^sltson't  Ratio  of  Cubic  ZrOj 
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of  transformed  precipitates,  and  y  and 
are  the  unconstrained  shear  and  dilation 
strains  of  the  transformation.  The  dilation 
strain  is  fixed  at  -0.04,  whereas  the  shear 
strain,  which  ccn  be  partly  relieved  by 
twinning,  could  take  any  value  between 
zero  and  that  of  a  single  untwinned  variant 
(0.15).  Therefore,  the  largest  depression 
of  the  surface  occurs  at  grains  with  un¬ 
twinned  precipitates  and  oriented  with 
[UO]  parallel  to  the  applied  stress  and 
(iTO)  normal  to  the  surface.  This  is  the 
same  orientation  as  for  the  largest  depres¬ 
sion  from  elastic  anisotropy,  and  is  there¬ 
fore  consistent  with  the  observations  of 
the  previous  section.  An  upper  bound  for 
the  magnitude  of  the  surface  distortion 
(unconstrained)  due  to  transformation  in 
these  grains  is  given  by  the  difference  of 
e,  and  e,  in  Eq.  (1):  with /=:0.03  at  applied 
strain  0.0015,  as  measured  previously 
using  X-ray  diffraction,'  this  gives  A«= 
0.002.  Therefore,  for  a  grain  size  of  50 
/sm  the  difference  in  surface  displacement 
is  =>1000  K  (=>100  iim).  This  is  adequate 
to  account  for  the  observed  displacements 
due  to  transformatioo  (Pig.  2). 


Conclusions 

Mechanical  load  applied  parallel  to 
the  free  surface  of  polyciystalline  Mg-ZrO: 
ceramics  causes  reversible  distortions  of 
the  surface.  In  nontoughened  materials, 
and  in  transformation-toughened  material 
at  low  loads  (s200  MPa),  the  distortions 
are  a  result  of  elastic  anisotropy  and  rela¬ 
tive  grain  misorientations.  At  higher  loads 
in  the  transformation-toughened  material, 
reversible  martensitic  transformation  causes 
superimposed  displacements  with  a  similar 
magnitude  and  grain  orientation  depend¬ 
ence  as  the  displacement  due  to  elastic 
anisotropy.  Therefore,  although  in  situ 
observation  of  these  distortions  is  a  conven¬ 
ient  method  for  detecting  reversible  trans¬ 
formation,  care  is  needed  to  separate  the 
influence  of  elastic  anisotropy  when  inter 
preting  the  results.  Puithermore,  the  ob¬ 
servations  of  surface  distortions  due  to 
elastic  anisotropy  serve  to  illustrate  the 
nonuniformity  of  local  stresses  in  poly¬ 
crystalline  bodies,  even  those  with  cubic 
structure,  and  the  potential  role  of  these 
local  stresses  in  initiation  of  strength- 
limiting  cracks. 
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Structural  and  Mechanical  Property  Changes  in  Toughened 

Magnesia-Partialiy-Stabillzed  Zirconia  at 

Low  Temperatures 

David  B.  Marshall,*  Michael  R.  James,  and  John  R.  Porter* 
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The  mechanical  properties  of  high-toughness  magnesia- 
partially-stabilized  zirconia  were  found  to  be  dramatically 
altered  by  a  single  cooling  cycle  between  room  temperature 
and  ~  19G‘’C.  Raman  spectroscopy  and  X-ray  diffraction 
were  used  to  correlate  the  changes  in  mechanical  properties 
with  structural  changes  that  occur  at  temperatures  below 
' —  100”C.  Most  of  the  tetragonal  precipitates  that  are  respon¬ 
sible  for  toughening  transformed  to. an  orthorhombic  phase 
with  unit-cell  volume  intermediate  between  those  of  the  tetrago¬ 
nal  and  monoclinic  phases.  The  orthorhombic  phase  was 
stable  with  healing  to  300°C,  but  it  transformed  back  to  the 
tetragonal  structure  when  heated  to  dOO’C.  Surprisingly,  the 
orthorhombic  phase  was  not  readily  transformable  by  stress, 
with  the  consequence  that,  after  the  cooling  cycle,  most 
of  the  high-toughness  properties  of  the  original  tetragonal- 
containing  material  were  lost.  [Key  words:  mechanical 
properties,  zirconia,  magnesia,  phase  transformations, 
heat  treatment.] 

I.  Introduction 

Zik<  ONTA  (  o.'^TAtNiNr,  ccf.imics  can  be  toughened  dramatically 
by  the  inarlcnsilic  tetragortal-monoclinic  transformation  in 
localized  zones  around  cracks.'  ”  However,  high  toughening  re- 
t|iMrcs  a  very  narrow  range  of  microsiructutes  in  which  ZrO,  grains 
or  prccipii.atcs  arc  on  the  verge  of  spontaneous  transformation. 
■Since  tlic  transform.ihilily  of  constrained  ZrOj  particles  i.s  sensi¬ 
tive  to  the  degree  (tf  undcrerKrIing  from  the  unconstrained  Af,  (mar- 
ictiMfic  start)  icnqjcraliirc.  iKtth  the  degree  of  touglicning  and  iIk: 
st.'biliiy  of  the  tnieroslruciurc  ore  cxi'ccicd  to  Ix-  very  sensitive  to 
r-ernperature  ( lianges 
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The  highest-toughness  21r02  ceramics  are  from  the  magnesia- 
partially-stabilized  zirconia  system  (Mg-PSZ).*'”  In  optimally 
aged  materials,  with  toughness  up  to  18  MPa  m”,  the  tetrago¬ 
nal  precipitates  are  so  close  to  spontaneous  transformation  at 
room  temperature  that  a  fraction  do  transform  during  cooling, 
and  others  begin  to  transform  under  applied  tensile  stresses  as 
low  as  300  MPa.'®"  The  purpose  of  this  paper  is  to  examine 
whether  cooling  below  room  temperature  causes  further  transfor¬ 
mation  of  these  precipitates,  and  thereby  a  loss  of  toughening  at 
cryogenic  temperatures,  or  even  more  importantly,  degradation  of 
room-temperature  mechanical  properties  after  a  single  cooling 
cycle.  Swain'*"  has  shown  previously  that  the  fracture  toughness 
of  such  materials  is  reduced  at  temperatures  below  about  -  I00*C 
and  that  thermal  expansion  measurements  indicate  a  vclutne  in¬ 
crease  in  the  temperature  range  —80°  to  -  IOO*C.  Moreover,  the 
tetragonal'  monoclinic  transformation  after  cooling  in  liquid  ni¬ 
trogen  has  been  inferred  from  X-ray  measurements  in  several 
Mg-PSZ  ceramics,'*  although  the  measured  phase  differences  in 
that  work  approached  the  limits  of  experimental  error.  We  will 
show  that  cooling  does  indeed  cause  a  transformation,  bui  that  the 
transformation  product  is  not  the  monoclinic  structure,  ir.sicad.  it 
is  an  orthorhombic  phase  of  ZrO.. 

11.  Kxpcrimenlal  Procedure 

TIk;  material  of  primary  interest  in  this  study  is  a  lugh-t«xighncss. 
9  mol%  MgO  partially-stabilized  zirconia  (Mg-PSZ),  which  was 
fabricated  by  sintering  at  1700*0,  with  controlled  covi’tng  to 
room  temperature,  followed  by  subeulectoid  heat  treatment  at 
IIOO'C.  Specimens  that  had  been  given  several  different  heat 
treatments  to  produce  varimis  degrees  of  transformation  t<Highen 
ing  were  examined  (Table  I),  These  materials  contained  lens 
shaped.  MgO  depleted  precipitates.  '200  nm  in  diameur.  in  a 
fully  stabilized  (MgO  rich)  cubic  matrix  In  the  high-lc  ighness 
material,  most  of  the  precipitates  were  of  the  tetragonal  stritciurc. 
but  some  (-1.1  vol%)  had  transformed  to  the  monoclirs’c  phase 


.Febraaiy  1939  Property  Changes  in  Toughened  Magnesia-Partially-Stabilized  Zirconia  at  Ia>w  Temperatures  219 


Ttble  I.  Materials  Tested 


Material 

Heat  treatment 

Steady-state 
toughness 
(MPa  •  m'"') 

Apparent 

flexural 

strength 

(MPa)' 

Hue 

strength 

(MPa) 

1100^ 

ixtxyc 

High  toughness* 

24  h 

13 

620 

400 

High  touglincss’ 

By  manufacturer* 

13 

620 

400 

Intermediate  toughness* 

7  h 

10 

700 

600 

Low  toughness* 

0 

6 

540 

540 

Overaged* 

48h 

3 

*Speciniens  supplied  by  M.  V.  Swain.  'Nilcra  Ceramics  (USA),  tnc..  Si.  Charles,  IL.  'Calculated  from  elastic  beam  theory;  larger  than  true  strength  for  material  with  non¬ 
linear  stress-strain  response  in  tensile  loading  (Ref.  11). 


a 


r 


during  cooling.  Some  of  this  material  was  overaged  by  heating  to 
1400'^  for  2  d,  resulting  in  transformation  of  all  precipitates  to 
monoclinic  structure  upon  cooling.  Two  other  Mg-ZrOj  ceram¬ 
ics,  with  different  compositions  and  heat  treatments,  were  also 
tested  for  comparison:  14  mol%  MgO-ZrOj  whi^'h  was  alt  sta¬ 
bilized  cubic  phase,  and  II  moI%  MgO-PSZ  which  contained 
tetragonal  precipitates  that  cannot  be  transformed  to  monoclinic 
phase  by  applied  stress. 

The  room-temperature  mechanical  properties  of  the  9  mol% 
MgO  materials  were  reported  in  detail  elsewhere.'*  In  tensile 
loading  of  specimens  of  the  high-toughness  material  with  polished 
surfaces,  the  stress-strain  response  was  nonlinear  because  of 
stress-in^ced  transformation  and  microcracking  at  stresses  above 
~300  MPa.  The  sequence  of  damage  development  is  shown  in 
Ftg.  1.  Stresses  below  300  MPa  caused  reversible  surface  roughen¬ 
ing,  which  was  correlated  with  tetragonal-monoclinic  transforma¬ 
tion,  whereas  higher  stresses  resulted  in  permanent  transformation 
and  the  formation  and  stable  growth  of  microcracks  to  lengths  up 
tn  1  nun.  The  stable  crack  growth  was  attributed  to  a  resistance 
curve  (R  curve)  that  increased  with  crack  extension.  The  steady- 
state  fracture  toughness  was  -13  MPa-m*'’,  and  transformation 
zones  -100  Mm  in  width  around  cracks  were  readily  observed  be¬ 
came  of  surface  upllfl  due  to  transformation  strains  (Pig.  1(B)). 
The  material  with  9-h  heat  treatment  had  a  steady-state  fracture 
toughness  of  -9  MPa  •  m''*  and  also  exhibited  nonlinear  sircss- 
strdn  response,  A-curvo  behavior,  and  transformation  zones 
around  cracks,  twt  all  less  extensive  than  hi  the  24-h  heat-treated 
material.  The  material  that  was  not  heat-treated  at  IIOO’C  did  not 
show  nonlinear  load-deflection  response  or  stable  microcrack 
growth  during  failure  testing,  but  a  small  transformation  zone 
was  o)»erved  around  the  crack  that  caused  failure.  TVansforma- 
tion  zones  were  not  delected  around  cracks  tn  the  1 1  and  14  mol% 
MgO-ZrO]  materiids. 

Structural  changes  occurring  during  cooling  to  -  I96*C  were 
uonitored  in  situ  for  some  maicriaU  by  optical  mkroso^y  and 


Raman  spectroscopy,  using  a  small  cooling  stage  with  a  quartz 
window.  Optical  microscopy  was  done  with  both  Nomarski  inter¬ 
ference  and  conventional  interference  methods  to  allow  detection 
and  measurement  of  surface  distortions  produced  by  transformation 
strains.  Raman  spectroscopy  was  done  using  a  microprobe  with  a 
spot  size  of  -20  pm  when  the  specimen  was  in  the  cooling  stage 
and  -1  to  2  Mm  otherwise. 

X-ray  diffraction  was  done  at  room  temperature,  using  Chi  or 
Cr  radiation  and  an  energy-dispersive  detector.  Step  scanning  was 
used  with  counting  times  -20  h  over  the  range  2$  =  10°  to  90° 
and  with  SOOO  counts  accumulated  at  each  0.05°  step.  Diftraction 
peak  positions  and  peak  half-breadths  were  obtained  by  fitting  the 
profiles  to  Pearson  VII  functions  after  background  subtraction. 
Angles  were  calibrated  using  a  silicon  standard. 

111.  Results 
(J)  Optical  Observations 

The  polished  surface  of  a  peak-toughness  Mg-PSZ  after  cooling 
in  liquid  Nj  is  shown  in  Fig.  2.  Surface  distortions  similar  to  diose 
produced  by  stress-induced  tetragonal-monoclinic  transformation 
(Fig.  I)  are  evident  in  the  Nomarski  interference  micrograph. 
Quantitative  measurements  using  conventional  interference  mi¬ 
croscopy  indicated  that  the  amplitude  of  the  distortion  (-SO  nm) 
was  larger  than  that  due  to  the  reversible  transformation  at  low 
applied  stresses  (-20  nm)  (Fig.  1(A)),  but  smaller  than  that  due 
to  permanent  transformation  (— 100  to  200  nm)  (Fig.  1(B)). 

The  stress-induced  transformation  caused  relatively  uniform 
uplift  of  areas  that  span  several  grains  (presumably,  those  grains 
most  favorably  oriented  relative  to  the  applied  stress),  whereas 
cooling  to  liquid  N}  caused  general  uplift  of  most  of  die  surface 
except  for  isolated  areas  -20  Mm  in  diameter.  The  areas  of  sur¬ 
face  depression  were  found  to  correspond  to  regions,  usually  near 
die  centers  of  grains,  that  contained  comparatively  large  precipi¬ 
tates  which  iransfornied  to  monoclinic  structure  duri^  cooling 


ni.  I.  NoounU  iMecfetcace  mkroinphi  of  polished  surface  of  high-routhneu  Mg-PSZ:  (A)  during  loading  wiih  (eosUe  siitss  300  MPa;  (B)  streu 
iaoeaied  (0  330  MPa. 
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Fig.  2.  (A)  Polished  surface  of  high-toughness 
Mg-PSZ  after  cooling  to  -  l^’C;  Nomarski  inter¬ 
ference  micrograph.  (B)  Scanning  eiectron  micro- 
gr^  showing  large  precipitates  within  a  region  of 
surface  depression  in  (A). 


(Fig.  2(B)).  Formation  of  these  large  precipitate  regions  has  been 
discussed  by  Hughan  and  Hannink.“ 

During  in  situ  experiments  using  the  cooling  stage,  the  distor¬ 
tions  in  Fig.  2  were  found  to  develop  over  the  temperature  range 
-80“  to  -I20“C  and  then  remain  unchanged  as  the  temperature 
was  lowered  to  -196“C  and  increased  to  +96“C.  Subsequent 
heating  in  a  separate  furnace  for  10  min  at  300“C  also  left  the  sur¬ 
face  distortions  unaltered.  However,  after  3  min  at  400“C,  most 
of  the  distortion  disappeared.  The  temperature  range  over  which 
surface  uplift  developed  coincides  with  the  temperature  range 
over  which  Swain”  previously  observed  a  volume  increase  from 
iht-rnial  expansion  measurements.  The  persistence  of  the  volume 
expansion  upon  heating  to  room  temperature  is  also  consistent 
with  Swain’s  results. 

Similar  response  was  observed  in  the  intermediate-toughness 
iMg-PSZ,  but  the  surface  distortions  appeared  at  lower  tempera- 
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tures  (—120“  to  —  I60“C),  again  consistent  with  Swain’s  thermal 
expansion  measurements.  Comparison  of  polished  surfaces  of  the 
other  materials  in  Table  I  did  not  reveal  any  surface  distortions. 

(2)  Raman  Spectroscopy 

Raman  spectra  from  the  high-toughness  Mg-PSZ  before  and 
after  immersion  in  liquid  Nj  arc  shown  in  Fig.  3.  Also  shown  for 
comparison  are  spectra  from  14%  Mg-ZrOj  (cubic  structure)  and 
the  overaged  PSZ  (cubic  matrix  with  monoclinic  precipitates). 
The  spectrum  obtained  after  cooling  to  -  I96“C  contains  at  least 
1 1  peaks  in  the  range  100  to  700  cm  '  that  were  not  present  before 
cooling,  and  the  original  tetragonal  peaks  are  all  present,  but  greatly 
reduced  in  intensity.  Two  of  the  new  peaks  (338  and  480  cm'*) 
coincide  with  peaks  of  the  monoclinic  phase  (Fig.  3(C)).  but  the 
remaining  nine  do  not  belong  to  any  of  the  tetragonal,  mono¬ 
clinic,  or  cubic  phases.  Moreover,  there  are  several  strong  peaks 
in  the  monoclinic  speebum  of  F;g.  3(C)  that  do  not  appear  in 
Fig.  3(B)  (c.g.,  177,  384  cm*').  Therefore,  cooling  to  -190“C 
caused  transformation  of  most  of  the  tetragonal  precipitates  to  a 
phase  that  does  not  have  the  monoclinic  structure. 

Results  from  in  situ  Raman  measurements  during  cooling  of 
the  high-toughness  Mg-PSZ  are  shown  in  Fig.  4.  The"  transforma¬ 
tion  occurred  over  the  temperature  range  -80“  to  -  I20“C.  corre¬ 
sponding  to  the  temperature  range  over  which  volume  expansions 
and  surface  roughening  were  observed.  Moreover,  after  the  heat 
treatment  at  400“C.  when  the  surface  distortions  disappeared,  the 
Raman  spectrum  returned  to  the  same  as  before  cooling  (Fig.  5). 

In  situ  measurements  from  the  intermediate-toughness  Mg-PSZ 
yielded  similar  results,  with  the  transformation  occurring  over  the 
range  — 120“  to  —  I60“C,  again  consistent  with  the  surface  rough¬ 
ening  and  thermal  expansion  results.  Raman  measurements  from 
the  other  materials  in  Table  1  did  not  reveal  any  changes  in  the 
spectra  before  and  after  immersion  in  liquid  N- 

(J)  X-ray  Afeasuremenis 

X-ray  diffraction  patterns  obtained  at  room  temperauire  t(■»r  the 
high-toughness  material  before  and  after  cooling  in  liquid  Nj  arc 
compaTOl  in  Fig.  6.  The  specimen  was  located  in  the  sansc  position 
and  orientation  for  both  X  ray  scans.  Before  cooling,  itx'  material 
contained  ~I3%  monoclinic  precipitates.  tetragonal  pre 

cipitaics.  and  the  remainder  cubic  matrix  After  coohng.  there 
was  no  change  in  the  intensities  of  the  monoclinic  pc-jCs  (e  g  . 

( 1 1 1 )  and  ( 1 1 1 ))  and  very  little  change  in  die  sr^vrin^vscil  cubic- 
tetragonal  peaks.  However,  the  tetragonal  peaks  that  were  sepa¬ 
rated  from  the  cubic  peaks  (i  e  .  (002).  (022).  (II.)).  spd  oXVI)) 
almost  disappeared,  and  many  new  peaks  appeared  t  shaded  in 
Fig  0  and  listed  in  Table  II) 
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^  of  the  new  reflections  could  be  accounted  for  by  indexing  a  266 

tetragonal  (or  oithoiliombic)  unit  cell  with  dimensions  K 

0.50^3  tun  and  c  =  0.S260  tun.  The  comparisons  between  ob-  \ 

served  and  calculated  d  spacings  are  shown  in  Table  11.  Also  jij 

shown  in  Table  n  are  the  calculated  positions  of  reflections  that  I4e  |Al 

overlapped  with  cubic  peaks  and  reflections  that  were  missing.  II  | 

but  wlUch  if  present  would  not  overlap  with  cubic  peaks.  The  op-  . .  |  | 

timum  cell  dimensions  were  obtained  using  a  cell-fitting  routine  v  | 

with  observed  reflections  that  did  not  overlap  with  cubic  peaks.  u  I /ill 

The  cell-fitting  routine  was  constrained  to  a  unit  cell  with  a  =  b,  I A  \\\ 

because  none  of  the  reflections  that  would  split  for  a  #  h  were  ■  ■  \i/|l\  j  ill 

observed  to  do  so.  Two  further  approaches  were  taken  to  deter-  I  \\\ 

mine  whether  a  difference  between  a  and  i>  could  be  resolved.  In  1  \/wva>\  i  1\ 

one,  Cr  radiation  was  used  to  measure  the  (3 10)/(  130)  peak  at  M  l\ 

hi^er  resolution  than  with  Cu  radiation;  a  single  peak  was  ob-  I  I  ^'''AnAAj/^  j  I  1 ' 

tained  and  an  upper  bound  for  the  difference  between  a  and  h  jJ  j  \ 

was  estimated  to  be  O.OOOS  nm.  The  second  approach  was  to  plot  ih  /  1 

the  peak  half-widths  (determined  by  fitting  Pe^on  VII  functions  g  J  \  j  \ 

to  the  profiles)  as  a  firnction  of  2fl:  peak  broadening  should  exist  |  V  M  / 

for  reflections  of  the  type  (hkl),  (khl)  ii  b,  whereas  reflec-  ®  I  ®  \  /  \ 

dons  of  the  type  (/l/i/)  would  not  be  broadened.  However,  a  sig-  ^  T  1  1 

nificant  difference  between  the  pe^  widths  of  these  two  types  of  | 

reflecdons  was  not  observed.  This  result  also  placed  an  upper  . .  |1^  I  \ 

bound  of  approximately  0.0005  nm  on  the  difierence  between  a  |  / 1| 

The  absence  of  any  restriodons  on  the  allowed  non-zero  (hW)  ^  jSU  I  11 

indicates  that  the  latdce  is  primidve,  with  either  tetragonal  or  or-  V  I  ^  /  ll 

thorhombic  space  groups.  The  missing  reflecdons  of  the  type  ::  n  \  i  /  11 

(odd,  odd,  zero)  indkate  the  existence  of  a  glide  plane,  a/2,  an^or  j 

b/2  on  (001).  However,  s  tetragonal  space  group  would  require  ^  f  /  I  \ 

both  of  these  glide  directions,  which  would  restrict  du  allowed  ^  ^  J  I  1 

(WO)  reflections  to  those  with  both  A  and  k  even.  Therefore,  the  ®  )\fK/VvuM/  j  \ 

existence  of  the  (230)/(320)  reflection  eliminates  a  tetragonal  V  A,  / 

space  group.  Analysis  of  the  other  allowed  reflecdons  (i.e.,  (011)  / 

and  (013)  present,  (001)  and  (003)  missing)  indicates  cither  a  , .  J 

glide  plane  c/2  on  (100)  with  mirror  plane  (OlO),  or  a  glide  plane  ?! 

c/2  on  (010)  with  mirror  plane  (100).  Therefore,  the  possible  - - - - - - - . 

space  groups  teladve  to  the  above  axes  are  Pmra,  Pema,  Pemh,  or  ^^0  140  160  180  200  220  240  260  280  300 

/Wh.  Rotation  of  the  axes  converts  each  of  these  to  one  of  the 

standard  forms  Pbcm  or  Pbam.  These  two  space  groups  cannot  WAveNUMBERSiem*^) 

be  disdnguished  using  our  data. 

Cose  examination  of  the  X-ray  diffraction  patterns  revealed  Fig.  4.  in  situ  Raman  spceiia  from  high-toughneu  M|-PS2  during 

that  the  orthorhombic  phase  was  present  in  the  as-received  mate-  cooUni. 
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rial  in  very  small  Quantities  which  may  normally  go  unnoticed. 
An  enlargement  of  the  region  around  the  (113)  peaks  is  shown  in 
Fig.  6(C):  peaks  of  similar  relative  size,  just  above  the  limit  of 
detection,  were  identified  in  the  as-received  material  for  all  of  the 
other  orthorhombic  reflections.  Prom  the  relative  peak  areas,  the 
initial  volume  fraction  of  orthorhombic  phase  is  estimated  to  be 
£2%.  Similarly,  the  amount  of  residual  tetragonal  phase  remain¬ 
ing  after  cooling  in  liquid  Nj  was  estimated  to  be  *-6  vol%. 

(4)  Mfchmical  Properties 

The  Steady-state  fracture  toughness  of  the  high-toughness 
Mg-PSZ  was  recently  measured'*  at  -IQti'C  and  found  to  be  re¬ 
duced  from  ~  13  MPa- m"*  at  room  temperature  to  ■»‘7MPa>m‘®. 
This  toughness  is  higher  than  that  of  the  overaged  material 
(3  MPa-m*'^,  Table  I),  indicating  that,  although  the  degree  of 
transfomution  toughening  was  t^uced  at  -  196°C,  tou^ening 
was  not  completely  eliminated.  The  steady-state  toug^ss  is 
similar  to  that  of  the  low-toughness  Mg-PSZ  (Table  I)  that  was 
not  ^ven  the  subeutectoid  heat  treatment. 

(A)  Flexwrd  Loading;  Flexural  loading  of  tiK  high-toughness 
Mg-IKZ  after  cooling  to  -  196*C  and  warming  to  room  tempera¬ 
ture  resulted  in  a  linear  stress-strain  curve  to  failure  and  a  strength 
of  S20  MPa.  There  was  no  permanent  transformation  or  stable 
mictooack  growth  during  loading,  although  in  one  experiment  a 
mictocrack  ~S0  pm  in  length  initiated  and  was  stable  for  -2  $  at 
constant  load  before  extending  unstably.  Postfailure  examination 
of  the  surface  that  was  stressed  in  tension  revealed  surface  uplift, 
indicative  of  the  presence  of  a  transformation  zone,  around  the 
crack  that  caused  firilure,  and  around  several  cracks  that  branched 
from  the  main  one  (Fig.  7(A)).  However,  the  width  of  the  trans¬ 
formation  zone  was  substantially  smaller  ('^lO  pm)  than  in  the 
specimen  which  had  not  been  cooled  to  -196*%:  (100  pm).  The 
transformation  zone  width  was  about  the  same  as  in  the  low¬ 
toughness  Mg-PSZ  that  was  not  heat-treated  at  1100%,  implying 
that  the  steady-state  toughness  is  -6  MPa '  m*'^  and  therefore 
similar  to  the  toughness  measured  at  - 196%. 

After  heating  to  400%  for  3  min,  mechanical  behavior  that  h 
diaracteiistic  of  the  high-toughness  Mg-PSZ  was  restored.  During 
loading,  permanent  transformation  developed  and  suble  micro¬ 
cracks  grew  to  1  mm  before  failure.  The  stress-strain  curve  was 
noidincw,  with  (be  apparent  flexural  strength  of  600  MPa  and  a  tnie 
(ailttn  stnus  of  400  MPa.*  Stable  mictocncks  and  petmanetu  tratr> 


Table  H.  CkMapsrisoa  of  Observed  and  Cakulated 
d  Vaiiiw  &Kr  OrtboriKHublc  Zr02‘, 
a  =  b  =  0.mS  im,  c  -  0.5260  nm 


hkl* 

Overliw  with  cubic 
reflections 

Not  ovetlipplng 
with  cubi :  ;«ilMtions 

d  (nm) 

Measured 

Calculated 

m) 

t 

0.5260 

(010) 

0.506 

0.5073 

(Oil) 

0.3654 

0.3651 

(111) 

(110) 

t 

0.3587 

0.2964 

(002) 

0.2634 

0.2630 

(020) 

0.2536 

(012) 

(021) 

0.2338 

0.2335 

0.2285 

(120) 

0.227 

0.2269 

(112'- 

0.2120 

0.2121 

(121J 

0.2083 

0.2083 

(220) 

(m 

0.1824 

0.1826 

0.1793 

(003) 

t 

0.1753 

(322) 

0.1718 

0.1718 

(221) 

t 

0.1697 

(030) 

t 

0.1691 

(013) 

0.I6S7 

0.1657 

(031) 

t 

0.1610 

(130) 

t 

0.1604 

(331) 

(.222) 

(113) 

0.1575 

0.1575 

0.1534 

0.1482 

(023) 

t 

0.1442 

(032) 

0.1422 

0.1422 

(230) 

0.1407 

0.1407 

(123) 

0.1387 

0.1387 

(132) 

i 

0.1369 

(231) 

* 

0.1359 

(040) 

(004) 

0.1314 

0.I3I5 

0.1268 

*Par  Ma-PSZ  whti  ncnlinur  KKu-itnin  rttponae  In  tcmioa,  Ui«  tOMt-unlA 
cwv«  In  coflipnmlon  U  Hour,  wlih  the  mult  thii  Uw  ipcweM  OMunl  Ktcw  calru- 
tMKiCnttbuatiiMfytoUiiBritaateaUHlitNUoawibjUetuitoix  tRrf  II). 


*(MU)  It  un^iuood  mun  (U/)  tnd^or  tkU).  k)(U)0(homi>lc  puk  ixx  deuctcd 
tMt  cokukttd  poiliioo  overUpi  with  mcnoetinlc  puk».  fttk  not  dcwcted  tnd  «!• 
puitioo  Sou  not  oveiUp  with  toy  prcexliUoa  pttlu  lo  the  u>tccciwl 


formatkn,  as  well  as  a  larger  transformation  zone  around  the  main 
crack,  iue  evident  in  the  postfailure  micrograph  of  Fig.  7(B). 

(B)  indentation  Experiments;  Indentations  (300-N  Vickers) 
made  in  the  high-toughness  Mg-PSZ  before  and  after  cooling  to 
- 1'>6%  and  a^  heating  to  400%  are  compared  in  Figs.  8(A)  to 
(F).  Cooliog  of  the  bigb-toughness  material  containing  an  inden- 


i 


Nomirtkl  Inteffetence  mlcro|riphi  from 
ttotile  lurfictt  of  bars  of  bl|h-touthaeu  Mg-PSZ 
ihii  were  btokui  in  llexuR:  (A)  afw  beiftg  coot«d 
to  - 196%.  wanned  o  room  teinecrttute,  and  pol- 
Uhod:  (Or  efitr  bring  cooled  lo  - 196%,  healed  lo 
UK  j  mla,  cooted  to  room  lempeiatUK,  tad 
pblishrt.- 
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Table  III.  Comparison  of  Lattice  Parameters  of  Orthorhombic  and  Tetragonal  Phases  of  Zirconia* 


fl  (nm) 

S(nm) 

c(nra) 

Low-temperature  (Mg-PSZ)  ortho 

TEM  foil  (Mg-PSZ)  ortho^ 

0.5073 

0.5073 

0.5260 

0.5088 

0.5071 

0.5184 

TEM  foil  (Mg-PSZ)  ortho* 

0.508 

0.508 

0.518 

High-pressure  (ZrO,  and  YiOa-ZtOj)  ortho* 
Tetragonal  Mg-PSZ* 

0.5042 

0.5080 

0.5092 

0.5257 

0.5190 

*Note  that  in  this  table  cell  dimensions  have  been  chosen  with  a  <  b  <  c.^o  express  the  space  group  of  the  orthorhombic  phases  in  the  standard  form,  Pbcm,  it  is  necessary 
to  rotate  the  axes  so  that  b  is  the  largest.  'Data  from  Hannink.^  *Data  from  Keuer  et  alP  'Data  from  Suyama  et  alP 


tation  (Fig.  8(B))  caused  surface  distortions  as  in  Fig.  2(B) 
remote  from  the  indentation,  but  did  not  change  the  surface  dis¬ 
tortions  associated  with  the  tetragonal-monoclinic  transforma¬ 
tion  around  the  indentation  (compare  Figs.  8(C)  and  (D)).  These 
surface  distortions  around  the  indentation  are  also  much  larger 
than  those  due  to  the  tetragonal-orthorhombic  transformation, 
consistent  with  the  observations  in  Section  111(1).  Indentation  after 
a  cooling  cycle  to  -196°C  and  back  to  room  temperature  induced 
a  much  smaller  area  of  tctragonal-monoclinic  transformation 
(Fig.  8(E)),  similar  in  size  to  that  in  the  low-toughness  Mg- 
PSZ.”  Indentation  after  subsequent  heating  to  400’’C  and  cooling 
to  room  temperature  (Fig.  8(F))  resulted  in  a  transfosmation  zone 
similar  in  size  to  that  in  the  original  material.  These  results  indi¬ 
cate  that  the  propensity  for  stress-induced  transfomration  de¬ 
creases  upon  cooling  to  -  196“C  and  is  restored  by  heating  to 
400°C,  consistent  with  the  results  obtained  in  flexural  loading. 

rv.  Discussion 

The  results  of  the  previous  section  have  directly  linked  the  for¬ 
mation  of  an  orthorhombic  phase  of  ZrO]  to  dramatic  changes  in 
mechanical  properties  of  high-toughness  Mg-PSZ.  A  single  cool¬ 
ing  cycle  from  room  temperature  to  -  1(X)°C  results  in  transfor¬ 
mation  of  tetragonal  precipitates  to  the  orthorhombic  phase,  with 
an  accompanying  reduction  in  fracture  toughness  and  elimination 
of  both  nonlinear  stress-strain  response  and  l?-curve  behavior. 
However,  the  original  high-toughness  properties  can  be  restored 
by  a  subsequent  heating  cycle  to  4(X)°C,  which  causes  transfor¬ 
mation  of  the  orthorhombic  back  to  the  tetragonal  structure. 

Orthorhombic  phases  of  ZrO]  have  been  observed  by  trans¬ 
mission  electron  microscopy  (TEM)  in  thin  foils  of  all  of  the 
transformation-toughened  2frOi  ceramics.’*'*’  A  high-pressure  or¬ 
thorhombic  phase  has  also  been  observed  in  ZrO],  both  at  high 
pressure**’”  and  at  atmospheric  pressure  after  quenching  from 
high  pressure  and  temperature”'”  (although  a  hUh-ptessure  nrodi- 
fid  tetragonal  structure  has  also  been  proposed*^,  hr  both  the  thin 
foil  and  higli-pressute  studies,  the  space  group  Phem  was  assigned; 
tliis  is  one  of  the  two  possible  space  groups  for  the  present  low- 
temperature  orthorhombic  phase.  Moreover,  there  are  some  simi¬ 
larities  (but  also  some  significant  differences)  in  the  cell 
parameters  (Table  III);  the  a  and  b  dimensions  for  the  orthoriiom- 
bic  phase  in  thin  foils  of  Mg-PSZ  are  close  to  the  values  for  the 
low-temperature  phase,  but  c  is  smaller,  whereas  the  largest 
dimension  for  the  high-pressure  phase  (c  °°  0.S257)  is  close  to 
that  of  the  low-temperature  phase,  but  a  and  b  diHcr.  Ramon 
spectra  have  also  been  obtained  fer  the  hi^-pressute  phase,  both 
at  high  pressure  using  a  diamond  anvil  cell”'”  and  at  atmospheric 
pressure  in  materials  with  quenched  high-pressure  phase.”  These 
spectra  differ  from  that  of  the  low-temperature  phase  (Fig.  3). 
However,  the  total  number  of  peaks  is  similar,  coruisteot  with  tiw 
space  group  determinations. 

The  tetragonal-orthorhombic  transformation  in  the  present 
experiments  is  accompanied  by  an  increase  in  unit-cell  volume  of 
1 . 1%  (unit-cell  dimensions  listed  in  Table  III),  which  is  about  a 
quarter  of  the  volume  increase  accompanying  the  tetragonal- 
monoclinic  transfoimatioa.  Combined  with  the  measured  volume 
fraction  of  transformation  (*-30%),  this  implies  a  total  volume 
change  of  0.4%  upon  cooling  the  material  through  the  phase 
transformation.  This  agrees  well  with  the  thermal  expansion  dau 
of  Swain,”  who  measured  0.13%  linear  expansion  when  cooling 


similar  material  through  the  temperature  range  -70'  to  -160°C. 
It  is  also  consistent  with  the  magnitude  of  the  surface  distortion 
observed  after  cooling  (Fig.  2).  The  surface  distortions  are  asso¬ 
ciated  with  regions  '-20  pm  in  diameter  which  were  monoclinic 
phase  and  did  not  transform  during  cooling.  A  volume  strain  of 
0.4%  in  a  region  of  this  size  would  correspond  to  linear  expansion 
of  30  nm,  which  is  reasonably  close  to  &e  measured  depression 
depth  of  ~50  nm. 

The  present  experiments  are  the  first  to  have  identified  the  for¬ 
mation  of  an  orthorhombic  phase  in  bulk  material  at  atmospheric 
pressure.  In  the  TEM  foils,  the  transformation  occurred  at  atmos¬ 
pheric  pressure,  but  it  was  observed  only  in  the  thinnest  regions 
(i.e.,  thickness  <  precipitate  diameter),  thus  leading  to  the  sug¬ 
gestion  that  it  was  an  ar^act  of  the  special  constraint  configuration 
of  the  thin  foil  and  the  foil  preparation  techniques.  In  support  of 
this  suggestion.  Muddle  and  Hannink”  showed  directly  that  ion 
beam  thinning  can  induce  the  tetragonal-orthorhombic  transfor¬ 
mation.  The  transformation  in  the  present  experiments  is  believed 
to  occur  throughout  the  bulk  rather  than  only  at  free  surfaces  for 
the  following  reasons:  (1)  the  bulk  volume  change  calculated 
above  on  the  basis  of  the  nwasured  unit-cell  parameters  agrees 
with  bulk  expansion  measurements;  and  (2)  the  penetration 
depths  for  the  X-ray  measurements  were  ~10  ^m,  and  the 
amount  of  orthorhombic  phase  detected  by  Raman  spectroscopy  was 
the  same  using  eitlier  high-  or  low-magnification  lens  systems 
that  collect  from  depths  of  --2  and  ~20  pm,  respectively.  For 
these  depdis,  which  are  up  to  2  orders  of  magnitude  larger  than 
the  precipitate  size,  the  effect  of  the  free  surface  on  the  elastic 
strain  energy  associated  with  u  transformation  is  negligible. 

The  stability  of  the  orthorhombic  phase  determines  its  influence 
on  mechanicsd  properties  of  the  ceramic.  In  both  TEM  foils  and 
quenched  high-pressure  materials,  the  stress-induced  orthothombic- 
monociinic  transformation  occurred  readily  (in  the  TEM  foils  by 
stresses  caused  bv  thermal  cycling  of  adjacent  regions  with  the 
electron  beam,”'”  end  in  the  quenched  material  by  grinding  in  a 
mortar”).  In  contrast,  the  low-temperature  orthorhombic  phase  ap¬ 
pears  to  be  very  resistant  to  stress-induced  transfotmation  to  mono- 
clinic  structure,  as  reflected  in  the  changes  in  room-temperature 
mechanical  properties  after  cooling  in  liquid  N}.  Moreover,  the 
orthorhombic-monoclinic  transformation  could  not  be  detected 
by  Roman  spectroscopy  on  surfaces  that  had  been  ground  after 
the  cooling  cycle  to  -  196'C.  Since  the  tetragonal  phase  in  this 
material  transforms  very  readily  to  the  monoclinic  structure,  the 
formation  of  the  orthorhombic  phue  cannot  be  an  essential  inte^ 
mediate  step  in  the  tetragonal-monoclinic  transformation. 

There  is,  however,  some  indirect  evidence  to  suggest  that  the 
orthorhombic-monoclinic  transformation  can  occur  at  high  stresses. 
After  cooling  hi  liquid  N],  the  degree  of  toughening  b  reduced, 
but  toughening  is  not  eliminated  ^together,  and  small  transfor¬ 
mation  zones  adjacent  to  cracks  are  evident.  These  zones  could 
arise  from  transformation  of  either  the  orthorhombic  precipitates 
or  the  small  fraction  of  tetragonal  precipitates  that  survive  the 
cooling  cycle.  Since  transformation  during  cooling  occurs  only  in 
the  two  Mg-PSZ  materials  that  exhibit  high  toughness,  it  may  be 
argued  that  the  precipitates  that  tnnsform  to  the  new  phase  didng 
cooling  are  the  same  ones  that  ore  roost  easily  transformed  by 
stress,  and  which  give  rise  to  die  large  tou^iening.  Raman  measure¬ 
ments  from  regions  adjacent  to  cracks  in  the  high-toughness 
Mg-PSZ  indicate  that  only  some  of  the  tetragonal  precipitates 
(approximately  half)  transform  to  monoclinic  structure.  More- 
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over,  the  fraction  of  tetragonal  phase  remaining  in  the  crack  tip 
,  zone  is  larger  tium  the  fraction  remaining  after  cooling  to  1%°C 

..  (compare  Figs.  3(B)  and  9).  These  results  hnply  that  all  of  the  te¬ 

tragonal  precipitates  remaining  after  cooling  should  also  remain 
untransfotmed  in  the  crack  tip  zoiw  and  thoefore  that  the  crack  tip 
transformation  zone  arises  from  the  stress-induced  oithorhombic- 
J  monoclinic  transformation. 

An  attempt  was  made  to  identify  the  source  of  residua]  tough¬ 
ening  after  cooling  to  -*196°C  by  comparing  Raman  spectra  from 
areas  adjacent  to,  and  remote  from,  the  crack  that  caused  failure 
in  flexu^  loading  (Fig.  10).  An  increase  in  the  signal  from  the 
monocllnlc  phase  is  evident  (shaded  peaks),  confirming  that  it  is 
indeed  transformation  to  the  monoclinic  |4ia%  that  gives  rise  to  the 
transformation  zona.  However,  the  sensitivity  is  not  sufficiently 


high  to  determine  whether  this  transformation  corresponded  to  a 
dMtease  in  tetragonal  or  orthorhombic  phase. 

V.  Concluskiiu 

A  single  cooling  cycle  for  high-toughness  Mg-PSZ  to  tem¬ 
perature  below  • —  lOO'C  causes  severe  degradation  of  room- 
temperature  mechanical  properties.  The  fracture  toughness  is  re- 
due^  from  ~  13  to  —6  MPa  •  m''*,  the  tensile  stress-sfrain  response 
becomes  linear  up  to  failure  instead  of  being  nonlinear,  and  the 
R-curve  characteristic  of  high-toughness  Mg-PSZ  is  lost.  How¬ 
ever,  the  original  high-toughness  properties  are  restored  by  beating 
to400®C. 

The  degradation  in  mechanical  properties  coincides  with  the 


Fig.  10.  Raman  ipecirt  from  regions  adjacent 
to  and  remote  from  the  crMk  in  Fig.  7(A)  (high- 
iou|hnest  Mg-P^  cooled  to  - 196%,  pollth^,  thra 
broken  in  nexuit).  Shaded  areas  represent  mono- 
clinic  peaks  from  area  adjaceiu  to  crack. 
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transformation  of  most  of  the  tetragonal  precipitates  to  an  ortho¬ 
rhombic  phase  with  unit-cell  volume  between  those  of  the  tetrago¬ 
nal  and  monoclinic  phases.  The  orthorhombic  phase  is  stable 
upon  heating  to  at  least  300'’C,  but  at  400“C  (for  3  min),  it  trans¬ 
forms  back  to  the  tetragonal  structure.  Traces  of  the  orthorhombic 
phase  were  also  detected  in  the  as-received  material  that  had  not 
been  cooled  below  room  temperature. 
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